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“There are some enterprises in which a careful disorderliness
is the true method.“
Herman Melville, Moby Dick.
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Abstract
The aim of this thesis was to study the ultrafast photoisomerization of a new class of biomimetic
photoswitches proposed by the group of Prof. Olivucci from the university of Siena. These
photoswitches undergo ultrafast and efficient cis/trans photoisomerization in a similar way to
retinal, the photoreceptor of the human eye, which triggers the vision process. They can act as
artificial chromophores, and also be linked to peptides or DNA strands to modulate biomolecu-
lar conformations. Also, the rotation motion accompanying the cis/trans isomerization makes
these photoswitches interesting prototypes for molecular rotors fuelled by light. One prerequi-
site for this application is unidirectionality of rotation, which is what we aim to determine with
ultrafast spectroscopies.
We used ultraviolet-pump infrared-probe and two dimensional infrared (2D-IR) spectroscopy
with the particular emphasis on the manipulation of the polarization of the light pulses which
trigger and monitor the photoswitching. Polarization measurements allows one to determine
anisotropy, which can be directly related to structural information. We applied pump-probe
spectroscopy on a newly designed zwitterionic switch, which carries a very large conformation
dependent dipole moment. We showed that we can follow in time the isomerization process and
determine its speed and efficiency in both cis/trans and trans/cis directions. This photoswitch
has a chiral framework, meaning that it potentially isomerizes or rotates in a preferential
direction. Based on the predicted structural changes during isomerization , we demonstrated
that the time dependence of the anisotropy permits in principle to extract the direction of
rotation. However, this required to boost the sensitivity of the pump-probe measurements, and
motivated the developments of new strategies for amplifying the anisotropy signals.
We adapted a method called the near crossed polarizer technique to ultrafast infrared spec-
troscopies. With this, we demonstrated that we can strongly amplify pump-probe signals while
removing unwanted background contributions. We additionally evidenced a gain of precision in
the determination of angles between transition dipole moments. This is interesting considering
the direct determination of the direction of rotation during cis/trans isomerization, but also
a major improvement of the spectroscopy for structure determination in general. The method
was further applied to 2D-IR spectroscopy, and revealed that in addition to increasing signals, it
eliminated the scattering contributions which often limit the sensitivity of this technique. The
manipulation of the pulse polarizations also permited to improve the flexibility of the 2D-IR
spectroscopy set-up, which we demonstrated by measuring dispersive spectra.
ix

Zusammenfassung
Das Ziel dieser Arbeit war es, die ultraschnelle Isomerisierung einer neuen Klasse von biomimetis-
chen Photoschaltern zu untersuchen, die von der Arbeitsgruppe um Professor Olivucci der Uni-
versitt Siena vorgeschlagen wurden. hnlich wie Retinal, dem Photorezeptor des menschlichen
Auges, lassen sich diese Photoschalter sehr effizient und schnell zwischen ihren cis- und trans-
Konformationen hin und herschalten. Sie eignen sich als knstliche Chromophore und lassen
sich mit Peptiden oder DNA verbinden, um die Konformationen dieser Biomolekle zu bee-
influssen. Die Rotationsbewegung, die mit der Photoisomerisierung einhergeht, macht diese
Photoschalter zudem zu interessanten Prototypen fr lichtgetriebene molekulare Rotoren. Mit
zeitaufgelster Spektroskopie mchten wir bestimmen knnen, ob diese Drehbewegung nur in eine
Richtung erfolgt, da dies eine Vorraussetzung fr diese Entwicklung ist.
Pump-Probe Spektroskopie mit ultravioletter Anregung und Infrarotnachweis sowie zwei-
dimensionale Infrarotspektroskopie (2D-IR) wurden eingesetzt. Besondere Bedeutung hatte
dabei die Polarisation der fr Start und Nachweis der Reaktion verwendeten Lichtpulse. Aus
polarisationsabhngigen Messungen lsst sich die Anisotropie ermitteln, die direkte Schlsse auf
die Struktur der Molekle erlaubt. Mit Pump-Probe Spektroskopie konnte die Isomerisierung
eines neuartigen Photoschalters verfolgt werden, der zwitterionische Eigenschaften und ein
sehr grosses, konformationsabhngiges Dipolmoment besitzt. Geschwindigkeit und Effizienz der
Reaktion wurden in cis-trans sowie in trans-cis Richtung bestimmt. Der Photoschalter hat
eine chirale Struktur, was bedeutet, dass die Isomerisierung oder Rotation in eine bevorzugte
Richtung erfolgen sollte. Auf der Grundlage von theoretisch vorhergesagten Strukturnderungen
whrend der Isomerisierung konnten wir zeigen, dass Anisotorpiemessungen im Prinzip in der
Lage sind, den Drehsinn der Molekle zu ermitteln. Jedoch wre es hierfr notwendig, zunchst die
Empfindlichkeit der Pump-Probe Experiments zu vergrssern. Dies begrndete die Entwicklung
neuer Strategien fr die Verstrkung anisotroper Signale im zweiten Teil dieser Arbeit.
Wir haben die sogenannte Kreuzpolarisationsmethode fr die ultraschnelle Infrarotspek-
troskopie weiterentwickelt und konnten damit zeigen, dass sich Pump-Probe Signals signifikant
verstrken lassen, wobei gleichzeitig unerwnschte Hintergrundsignale unterdrckt werden. Dies
ist nicht nur im Zusammenhang mit der Drehsinnbestimmung bei der cis-trans Isomerisierung
interessant, sondern stellt auch eine wichtige Verbesserung der Pump-Probe Technik im All-
gemeinen dar. Die Methode wurde im weiteren auf die 2D-IR Spektroskopie angewandt, wo
zustzlich zur Signalverstrkung auch Streulichtunterdrckung mglich ist. Damit konnte ein oft
limitierender Faktor in der 2D-Spektroskopie vermieden werden. Die Polarisationskontrolle
der Laserpulse erlaubte es weiterhin, die Vielseitigkeit des 2D-IR Aufbaus zu vergrssern. Dies
wurde beispielhaft durch die Messung dispersiver Spektren gezeigt.
xi

Introduction
Scientists have developed over the past century experimental and theoretical tools to study in
detail the structure of molecules. Even when their chemical compositions were known in detail,
the three-dimensional structures of complex biomolecules such as DNA and proteins were not
known until the middle of last century. In 1962, the Nobel prize of chemistry was awarded
to M.F. Perutz and J.C. Kendrew for the determination of the structure of haemoglobin with
X-Ray spectroscopy. At the same time J.D. Watson and F.H.C. Crick received the Nobel prize
of physiology and medicine for the discovery of the helical structure of DNA.
”If you want to understand function, study structure.” said F. H. C. Crick [1]. The role
of DNA and its structure allowed biologists to understand how genetic information is encoded
into certain structural motifs. In the same way, the difference between oxygenated and reduced
state of haemoglobin structure raised the question of the relation between function and struc-
ture, suggesting that structure may be an important factor for the activity of other biological
systems. These findings are fundamental, and the study of structure with new experimental
and theoretical tools has motivated a huge amount of research since. X-Ray diffraction has
become the method of choice to determine the structure of crystalline compounds. In a simi-
lar manner, Nuclear Magnetic Resonance (NMR) spectroscopy has become the most powerful
analytical method for elucidating the structure of proteins, and giving important dynamical
information in the time scale of millisecond to microsecond [2]. NMR spectroscopy and X-Ray
diffraction are now well developed analytical methods that are widely used by chemists.
Nonetheless, for studying fast chemical events such as bond breaking, isomerization, electron
or proton transfer and conformational changes such as protein folding or unfolding, there is often
a need for methods with better time resolution. In this regard, the advent of femtosecond lasers
and their use for time-resolved spectroscopy has revolutionized chemistry and permitted the
study of many chemical processes previously inaccessible. For example, the photodissociation of
carbon monoxide from haemoglobin has been studied in real time with subpicosecond resolution,
by using transient mid-infrared spectroscopy [3]. Also, picosecond X-ray crystallography has
been used to study ultrafast structural changes in myoglobin, with a spatial resolution better
than 2 Angstro¨m [4]. More than structure itself, the dynamics of structure is the purpose in
this case.
Femtochemistry has emerged in the end of the last century as a new field of study, and
many experimental methods have been developed with the aim of studying ultrafast events in
chemistry. These methods are non-linear spectroscopies in the sense that the detected signal
is proportional to the product of different electromagnetic fields. Second order spectroscopies
give signals proportional to the product of two fields, third order signals are proportional to
the product of three fields and so on. In this thesis, two related third order techniques are
considered : pump-probe spectroscopy and two dimensional infrared (2D-IR) spectroscopy.
Pump-probe spectroscopy in the ultraviolet(UV), visible (Vis) and infrared (IR) is prob-
ably the most widely used technique in the ultrafast community. In particular, UV-pump
IR-probe (UV-IR) spectroscopy aims to study the dynamics of molecular systems after pho-
toexcitation in the UV. An electronic transition is induced by the pump pulse, triggering a
chemical reaction. If this reaction is ultrafast and occurs within the time scales spanned by
1
2 INTRODUCTION
typical experiments (from femtoseconds to nanoseconds), one can track the entire reaction by
monitoring changes in probe pulse absorption. Using broadband mid-infrared probe pulses,
the resulting transient vibrational spectra can be related to molecular structure with the help
of quantum chemistry calculations. Pump-probe spectroscopy has provided important insights
into fundamental processes such as photodissociation [5], proton transfer [6], bond breaking [7]
and cis/trans isomerization [8].
Whereas UV-IR pump-probe measurements are concerned with using IR spectroscopy to
follow photoinduced processes, 2D-IR spectroscopy uses IR-pump IR-probe measurements to
reveal additional structural information of the ground state. This is achieved by constructing
a two-dimensional frequency map of the coupling between vibrational modes, which show up
in a 2D spectrum as cross peaks. The additional axis of a 2D-IR spectrum is obtained by
resolving the frequency of the pump excitation. 2D-IR spectroscopy provides information about
molecular structure and structural changes [9–11], solute and solvent dynamics [12,13], as well
as on the nature of lineshape broadening [14, 15]. For example, 2D-IR spectroscopy has been
used recently to resolve the structural changes accompanying the gating mechanism of the
proton channel of influenza A, a virus responsible for flu [16]. This finding contributes to
understanding the functioning of such viruses and find ways to limit their activity.
2D-IR spectroscopy has the potential to reveal structural changes happening in the time-
scales between tens of femtoseconds and nanoseconds. Many different experimental strategies
have been used to measure 2D-IR spectra. In this thesis, we used exclusively the pump-probe
geometry, which has become one of the easiest ways to perform 2D-IR spectroscopy.
In both UV-IR pump-probe and 2D-IR spectroscopy, the polarization of the light fields is
a key aspect for the determination of structural information. Polarization measurements can
be used to manipulate the molecular response, and permit the calculation the anisotropy (or
linear dichroism), which is the most direct structural information one can get from time-resolved
spectroscopy, as it is related directly to an angle between the transition dipoles of vibrational
modes.
The motivation of this thesis is the study of newly designed biomimetic photoswitches, which
undergo an ultrafast cis/trans (or Z/E) isomerization in a similar way to retinal (see Fig. 1),
the natural photoreceptor of rhodopsin, that triggers the vision process of superior animals.
Retinal, incorporated into the protein membrane rhodopsin, is a model compound in terms
hν
N
+
Lys
11
N
+
Lys11
 τ <200fs  φ~ 67%
Figure 1: The trans to cis isomerization of Retinal occurs around the double bound C11, with a record time
scale and quantum yield
of quantum yield and rate of isomerization [17–19]. When isolated in solution, due to other
isomerization processes taking place, the photo-isomerization of retinal is slower, less efficient
and less specific. A large body of experimental and theoretical work have been produced to
explain the remarkable properties of retinal [20–25].
Understanding the structural changes accompanying isomerization and deducing the most
important parameters to achieve fast and efficient isomerization are essential for one who aims
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to build artificial photoswitches with improved properties. In this context, Prof. Olivucci
and co-workers, have designed a new class of molecular switches based on the N-alkylated
indanylidene-pyrroline Schiff base(NAIP) framework (Fig. 2), which mimic several aspects of
the cis/trans isomerization of the Rhodopsin chromophore [26–28]. Theoretical predictions and
experiments have already shown a remarkable agreement for a prototype methoxylated NAIP
(MeO-NAIP) molecule [28]. It has been found that the excited state life time is as short as
300 fs, and that isomerization takes place on the same timescale. The molecules subsequently
cool in the electronic ground state with a time-constant of less than 10 ps. A fully light-driven
Z-E-Z cycle of MeO-NAIP can thus be completed in twenty picoseconds.
O
N
+
2
3
41'
2'3'
5
Cis(Z)-NAIP
Indanylidene
Pyrroline
Isomerizing bond
Figure 2: A NAIP photoswitch in the cis form. The pyrroline moiety is expected to rotate around the
isomerizing bond after photoexcitation, while the indanylidene moiety is mostly static, justifying the application
for molecular rotors.
In the first part of this thesis, we introduce the relevant background theory in chapter 1 and
the experimental details in chapter 2. We present in part II our results on a NAIP zwitterion.
ZW-NAIP is a chiral variant of the MeO-NAIP, with the notable feature that it carries a
very large 15 Debye dipole moment on the pyrroline moiety. The cis/trans isomerization of
ZW-NAIP thus entails an unusually strong 30 Debye dipole change by inverting the dipole
direction in the molecular frame. Transient infrared absorption data are presented with the
support of ultrafast visible spectroscopies performed by collaborators from the University of
Strasbourg (Group of Prof. Haacke) and E´cole Polytechnique Fe´de´rale de Lausanne (group of
Prof. Chergui).
ZW-NAIP is a good candidate for the achievement of unidirectional photo-isomerization.
It has been predicted that chirality determines the unidirectional nature of the cis-trans iso-
merization. This is a crucial aspect in building molecular rotors fuelled by light. The work
presented here is motivated by the possibility of detecting unidirectional rotation with ultrafast
IR spectroscopies. In chapter 4 we demonstrate that with anisotropy measurements, we have a
direct insight into structural changes, and can make use of the time dependence of anisotropy
for determining the direction of rotation over the course of cis/trans isomerization. These
observations motivated the need to develop new methods of increasing the sensitivity of the
experiments to anisotropy.
In part III, we show in chapter 5 theoretically how to increase the signal to noise ratio (S/N)
of our experiments by exploiting the properties of anisotropy and manipulating the pump and
the probe polarizations [29]. For this purpose, we use the near crossed polarizer geometry.
Placing polarizers in the probe beam permits the use of intense fields at the sample, amplifying
the anisotropic signal. We explain how we can obtain more precise structural information
from the signals compared with conventional anisotropy measurements. The enhancement of
S/N and flexibility are explained as well as certain technical limitations. In chapter 6 we
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demonstrate this method on a photoswitch of the NAIP family introduced earlier. We propose
different experimental implementation that use the crossed polarizer technique, and discuss
their advantages and drawbacks.
In a similar fashion, we use the near crossed polarizer technique to improve the S/N of
2D-IR spectroscopy in the pump-probe geometry [30]. We show in chapter 7 that unwanted
artefacts that normally perturb the measured signals can be removed with our method. We
also improve the flexibility of the experiment with regard to measuring signals that are not
normally accessible in the pump-probe geometry.
We finally summarize the results shown in this thesis and give some perspectives and con-
clusions of this work.
Part I
Methods
5

In this first part, we develop the formalism needed to understand the signals measured in third
order non-linear spectroscopy. Starting with the general expression of the third order polariza-
tion, we explain the different contributions that participate to the measured third order signal.
We formulate it for the specific one dimensional (1D) UV-pump/IR-probe spectroscopy and
on two dimensional infrared spectroscopy (2D-IR). The light pulse polarization is taken into
account in the molecular response. The formulation of induced third order non-linear polar-
ization is given in function of the response functions Rn which were derived previously in the
literature [31, 32]. As a theoretical background, double-sided Feynman diagrams and isotropic
averages are used. Additional information on these concepts can be found in appendices A and
B. The pump-probe geometry is discussed and compared to the alternative four-wave mixing
geometry.
The second chapter presents the technical details of the different experiments that we used
during this thesis. The study of ultrafast chemical processes with spectroscopy relies first on
ultrafast laser sources. These apparatus generate ultrashort laser pulses in the near IR. Their
frequency can be converted using non-linear optical processes to the mid-IR or visible and
ultraviolet range. Then, the pulses are combined into the set-ups. The two set-ups mentioned
in the introduction, i.e. UV-IR and 2D-IR are described in this chapter. Some technical details
like polarization modulation and polarizers are presented.
7
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Chapter 1
Non-linear signals in the pump-probe
geometry.
1.1 Signals in 3rd order spectroscopy
In non-linear spectroscopy, light-matter interaction is described using the formalism of the
density matrix, which is used to describe the statistical ensemble of quantum states of the
system under study. Three input fields, provided by the ultrashort laser pulses, create a third
order non-linear polarization in the sample. Two fields are provided by the pump pulse, E1
and E2, while the third field E3 comes from the probe pulse.
Then, the third order non-linear polarization P (3) gives rise to a signal field Esig which
we are interested in. An additional field ELO, called local oscillator, is added for heterodyne
detection.
1.1.1 General formulae
We start from the expression of the third order non-linear polarization in the interaction picture,
created by three input fields E1,E2 and E3 , that interact with a molecule at times τ1, τ2, and
τ3 respectively [31,32]
−→
P (3)(t) =
(
i
~3
)∫ t
−∞
dτ3
∫ τ3
−∞
dτ2
∫ τ2
−∞
dτ1
× Tr
(−→µ (t)[−→E 3.−→µ (τ3), [−→E 2.−→µ (τ2), [−→E 1.−→µ (τ1), ρ(−∞)]]]) (1.1)
where ρ(−∞) is the density matrix of the unperturbed system, µ the dipole operator, and
where the fields are vector expressions to take into account their polarization state. The square
brackets are used for the commutation operation, and Tr is used to represent the trace of the
matrix. The commutator in Eq. 1.1 will give rise to different terms Rn that we call response
function, corresponding to different Liouville pathways [31–33], that can be represented with
double-sided Feynman diagrams (see Fig. 1.1).
For a single vibrational transition, and when the molecules are initially all in the fundamental
vibrational state (the density matrix is | 0〉〈0 |), the commutator will give rise to twelve terms
described by six Feynman diagrams and their complex conjugate. These Feynman diagrams
are depicted in Fig. 1.1. For the description and use of Feynman diagrams, the reader can refer
to appendix A.
We first consider the fields and the transition dipole moments as scalar quantities, we
will reintroduce later the polarization of the fields and the orientation of the transition dipole
moment. We can re-write the total polarization as a sum of the different response functions cor-
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Emission
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a) b)
Figure 1.1: a) Morse potential with 3 vibrational levels. b) Feynman diagrams describing the evolution of the
density matrix after each of the 3 interactions with the light field at time τ1,τ2 and τ3.
responding to different Feynman pathways, and replacing absolute time τ ’s with time intervals
t’s 1:
P (3)(t) ∝ −i
∫ ∞
0
dt3
∫ ∞
0
dt2
∫ ∞
0
dt1E3(t− t3).E2(t− t3 − t2)
.E1(t− t3 − t2 − t1)
∑
n
Rn(t3, t2, t1) (1.2)
The electric fields come from short laser pulses which are long in comparison to the oscillation
of the light field, but short in comparison to the time-scales of the system. We are then in the
semi-impulsive limit [31,32], and the envelop of the pulses are approximated by delta functions,
but they keep their carrier frequency ω, phase φ and wave-vector
−→
k :
En ∝ δ(τn)e±iωτn∓i
−→
k .−→r ∓iφ (1.3)
In this limit, the convolutions in Eq. 1.1 vanish, and the third order polarization reflects
directly the response functions, which carries the information we are interested in:
P (3)(t3, t2, t1) ∝ ei(∓
−→
k1±−→k2+−→k3)−→r ei(±φ1∓φ2+φ3)
∑
n
Rn(t3, t2, t1) (1.4)
The third-order polarization emits a field Esig with a 90
◦ phase shift, referred to as optical
free induction decay :
−→
E sig(t3, t2, t1) ∝ i−→P (3)
∝ ei(∓
−→
k1±−→k2+−→k3)−→r ei(±φ1∓φ2+φ3)
∑
n
iRn(t3, t2, t1) (1.5)
1the ti are the time intervals between τi and τi+1,
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Signal field are usually weak and can not be homodyne detected, which means we can not
detect them directly with a detector. We use a technique of heterodyne detection, which consist
of mixing the signal field with an external field called local oscillator (LO). The signal S that we
measure is the interference on the detector of the signal field (Esig) with a local oscillator field
(ELO). The detectors we used are square law detectors, so that they are sensitive to intensities
and not to field. They integrate interferences of the fields over their duration:
S(t3, t2, t1) ∝
∫ ∞
0
| ELO(t3 − tLO) + Esig(t3, t2, t1) |2 dt3
≈ ILO + 2<
∫ ∞
0
{ELO(t3 − tLO).Esig(t3, t2, t1)}dt3 (1.6)
where we neglected the homodyne term | Esig |2, and wrote the intensity ILO =| ELO |2.
Again, in the semi-impulsive limit, the integrand disappears, so that we get:
S(t3, t2, t1) ≈ ILO + 2< (ELO.Esig(t3, t2, t1)) (1.7)
Measuring the signal through a spectrometer with an array detector is equivalent to do a
Fourier transformation of the fields with respect to time t3 prior to detection. We get then a
spectrum along the probe direction:
S(ω3, t2, t1) ≈
∫ ∞
0
S(t3, t2.t1)e
iω3t3dt3
≈ ILO(ω) + 2< (ELO.Esig(ω3, t2, t1))
(1.8)
The signal field Esig(ω3, t2, t1) (now Esig)is proportional to i times the non-linear polarization
P (3) (Eq. 1.5), which is itself proportional to i times the probe field (= ELO here); the product
of the two i’s gives Esig the opposite sign to ELO, so that Esig interferes destructively with
ELO which leads to an absorption
2. The polarization has in fact an absorptive imaginary
component and a dispersive real component. The two are dependent and connected through
the Kramers-Kronig relation so that measuring one or the other leads to the same information
(see section 7.5).
If we want to measure absorption, when ELO and Eprobe are in phase, we compare the
intensity detected when the pump field is on and off, and take the decadic logarithm:
∆A(ω3, t2, t1) ∝ − log10
(
S(ω3, t2, t1)
Iprobe
)
∝ − log10
(
1 +
ELO.Esig
| ELO |2
)
(1.9)
For small signals in comparison to the heterodyning field, we get:
∆A(ω3, t2, t1) ≈ | Esig || ELO | (1.10)
2Alternatively, if a phase shift of pi2 is applied to ELO only, we then multiply the product (ELO(ω).Esig(ω)
by e
ipi
2 = −i, and we then measure a dispersive lineshape, see chapter 7.5.
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So that the measured absorption is directly proportional to the signal field but inversely
proportional to the heterodyning field.
The signal measured are typically small, and the quality of the data depends on the signal
to noise ratio (S/N) that we can achieve. Increasing Esig while keeping ELO as small as possible
guarantees the best S/N .
Below, we present two experimental set-up usually used to measure third order signals :
the four-wave mixing geometry and the pump-probe geometry. We explain advantages and
drawbacks regarding their simplicity, sensitivity and flexibility.
1.1.2 Four-wave mixing geometry vs pump-probe geometry
Four-wave mixing geometry
The determination of the third order polarization requires to use three light pulses for which
we have to precisely know the phase and time difference (Eq. 1.1 and 1.5), and to overlap them
spatially on the sample. A fourth pulse can be used for heterodyne detection. The use of four
different beams with different k vectors (or directions) is referred to as four-wave mixing, and
is considered as the most sensitive and flexible way of measuring 2D spectra for reason that are
listed below.
This configuration is introduced briefly here as it was not used in this thesis. This technique
is the most complete of the third order spectroscopy and can be more easily related to the
equations presented in the previous section.
Sample
Array
DetectorSpectrometerkLO
k1
k2
k3
t3 t2 t1
k1 + k2 + k3-
k1 - k2 + k3+
Rephasing
Non
Rephasing
Figure 1.2: Four-wave mixing set-up for 2D measurements. The three excitation pulses represented by wave-
vectors k1, k2 and k3 are overlapped on the sample. Two third order signals, rephasing and non-rephasing,
are emitted in different directions. Overlapping one of them with the LO allows heterodyne detection on the
detector.
In the four-wave mixing geometry, like it is sketched in Fig. 1.2, the signal is emitted in the
phase matching direction (
−→
k sig =
∑3
i=1
−→
k i) and the LO field is set so to overlap the emitted
signal field (Eq. 1.5). It has to be noted that in this geometry, not all the Feynman pathways
of Fig. 1.1 are measured simultaneously. The diagrams corresponding to the response function
R1, R2 and R3 are emitted in a different direction than the R4, R5 and R6 diagrams. The first
three are called rephasing diagrams and the three last non-rephasing diagrams for a reason that
is explained in appendix A. To measure the full response, one needs to measure both rephasing
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and non-rephasing diagrams, which, according to Fig. 1.2 requires to move the LO field and
the detector to overlap the rephasing or the non-rephasing signal. In practice, the two are
measured by exchanging pulse 1 and 2 which is equivalent to exchanging the phase matching
direction of rephasing and non-rephasing signals.
The signal measured this way is a function of t1, t2 and ω3 (or ωprobe). To generate a 2D
spectra, we have to make a Fourier transform along time t1, which will generate the axis ω1 (or
ωpump). Summing rephasing and non-rephasing contributions gives the better spectral resolution
and leads to absorptive lineshapes, which are more intuitive and easier to interpret [34] (see
Fig. 1.3). One advantage of the four-wave mixing geometry is the flexibility, as the intensities,
polarizations and timings of the pulses can be tuned individually. A second advantage is the
sensitivity, as the intensity of the LO can be set independently from the intensity of the other
pulses (We will see that it is not the case in a usual pump-probe geometry).
1975 2000 2025 2050 2075 2100 21251975 2000 2025 2050 2075 2100 2125
1975
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2025
2050
2075
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1975 2000 2025 2050 2075 2100 2125
ωprobe (cm-1)
ωp
um
p 
(c
m
-1
)
ωprobe (cm-1) ωprobe (cm-1)
a) b) c)
Figure 1.3: 2D-IR spectra of azide in water. a) Rephasing spectra b) Non-rephasing spectra c) Absorptive
spectra, calculated summing rephasing and non-rephasing spectra. Blue corresponds to a lack of absorption
and red to absorption.
Drawbacks are the complexity of alignment, the difficulty of phase determination at the
sample and the necessity of doing two successive measurements to get an absorptive spectrum.
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The pump-probe geometry
In the pump-probe geometry in its most simple form, a pump pulse excites the sample before
a delayed probe pulse monitors the difference of absorption with and without excitation, and
the probe pulse is then dispersed in a spectrometer (Fig. 1.4). The pulses have a duration in
the order of 100 fs, and the delay between the pulses can be set precisely using a delay stage.
The ultrafast dynamics of the system is studied measuring for example the transient absorption
at various delays. This scheme is intensively used in chemistry [35] and in the infrared [36].
The advantage of this configuration which makes it so popular is that the interpretation of the
spectra is intuitive, as it usually does not require the understanding of theoretical formalism
developed earlier. However, use of this formalism allows one to have a better understanding
of what contributes to the signal, and can be used to increase the S/N and manipulate the
molecular response as we will show later on. The pump-probe geometry was also used to acquire
the first 2D-IR spectra in the frequency domain [37]. An alternative time-domain approach of
2D-IR spectroscopy can also be achieved with this geometry [38–40]. For the different methods
used to acquire 2D-IR spectra, the reader can consult chapter 9 of ref. [32]
In this thesis, we use exclusively the pump-probe geometry. The probe pulses are always in
the infrared range, and thus monitor the vibrational changes induced by the pump pulse. Pump
pulses can be either in the UV or the IR range, triggering electronic or vibrational excitation.
In the pump-probe geometry, the two first interactions are collinear and the probe acts as the
third interaction and also as a heterodyning field. Only two beams have to be overlapped on
the sample.
Sample
Array
Detector
Spectrometer
kLO
k1
k2
t2 t1
k3
Absorptive
k3
Figure 1.4: 2D set-up in the pump-probe geometry. Absorptive spectra (sum of rephasing and non-rephasing
spectra) are measured.
From Eq. 1.10, we can see that as the signal field is proportional to the probe which is
also the LO field. The measured absorption is in this case independent of the probe intensity.
Still, it is interesting to increase the probe field intensity, because the S/N of the experiment
depends on the quantity of light on the detector, whose dynamic range is usually a limiting
factor.
This is actually a limitation of the pump-probe geometry, that the signal magnitude is
independent of the probe intensity [38]. Because the probe and the LO fields are coming from
the same beam3, they are both measured on the detector, whose dynamic range limits the
intensity we can put on the probe beam. One aim of this thesis is to enhance sensitivity and
3We then talk about self-heterodyning
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flexibility of the pump probe geometry, using polarization tricks to separate the probe and local
oscillator fields.
In the pump probe geometry, several simplifications on the formulation of the signal of
Eq. 1.5 arise:
First, the pump fields E1 and E2 are coming from the same pulse and have same amplitude,
phase and wavevectors , so that we note:
Epump = E1 = E2
−→
k1 =
−→
k2
φ1 = φ2 (1.11)
Second, as mentioned earlier, the signal emitted from the sample and due to the polarization
P (3)(t) has the same direction that the probe field E3 and LO field ELO (see Appendix A). We
can make the simplification:
Eprobe = E3 = ELO
−−→
kLO =
−−−→
kprobe
φLO = φprobe
t3 = 0 (1.12)
Moreover, rephasing and non-rephasing signals are emitted in the same direction, and both
are measured simultaneously, leading directly to absorptive spectra [38].
The signal field then becomes the simple expression:
Esig ∝
∑
n
iRn(t3, t2, t1) (1.13)
Two different pump-probe set-ups are used for UV-pump IR-probe and for 2D-IR spec-
troscopy. The former leads to one dimensional spectra, and the pump frequency is not resolved
in that case, as the same UV pump pulse creates the two first interactions (see chapter 6). The
latter leads to 2D-IR spectra and is presented in chapter 7.
1.2 Polarization control of the molecular response
Polarization of the fields interacting with the sample is of a great importance in 1D or 2D-
IR spectroscopy4. Comparing signals with a probe pulse polarized parallel or perpendicular
relative to the pump pulse polarization permits to measure angles between transition dipole
moments, and to study the rotational diffusion of molecules [41–45]. In the general expression
of polarization
−→
P (3) in Eq. 1.1, the electric fields and transition dipole moments are vector
quantities, and the different scalar product
−→
Ei.
−→µ (τi) are dependent of the relative orientations of
fields and dipole moments. Thus, the response function of a system also exhibits an orientational
dependence.
4The reader might be confused by the use of the word ”polarization” with two different meanings. It is
important to distinguish polarization of matter, which is the separation of charges of opposite sign in matter
and the polarization of light, which is related to the direction of the electromagnetic field. We try to make the
distinction clear when not obvious.
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1.2.1 Orientational four-point correlation functions
The way to treat the orientation dependence of the signals is to separate the rotational and
vibrational terms, which implicitly assumes that vibrational and rotational motions are un-
correlated. This is done in the equations expressing the vector quantities as a product of an
amplitude and a unit vector. The electric fields and transition dipole moments can be written
as:
−→
E n = δ(τn)e
±iωτn∓i−→k .−→r ∓iφ−→e n (1.14)
−→µ = µ−→u (1.15)
where −→e n and −→u are unit vectors, which represents respectively the polarization of the field
and the transition dipole moment orientation in the frame of the laboratory.
As seen in Eq. 1.2, the third order polarization can be expressed in function of the different
response functions Rn(t1, t2, t3), and each of the response will have a different orientational
dependence, as the transition dipoles involved in the successive interactions are not the same.
Now we introduce the orientational dependence of the measured signal :
−→
Θ(Rn) = (
−→u (τ3) (−→u (τ2).−→e 3) (−→u (τ1).−→e 2) (−→u (τ0).−→e 1)) (1.16)
so that we can rewrite Eq. 1.4:
−→
P (3)(t3, t2, t1) ∝
∑
n
−→
Θ(Rn)Rn(t3, t2, t1) (1.17)
Now the heterodyne signal is a scalar product between
−→
E LO and
−→
P (3).
S ∝ −→E LO.−→E sig ∝ i−→E LO.−→P (3) (1.18)
and the signal can be expressed as follows:
S ∝
∑
n
−→e LO.−→Θ(Rn)Rn(t3, t2, t1) (1.19)
So that all the orientation dependence of the molecular response is contained in the scalar
product −→e LO.−→Θ(Rn), while the Rn(t3, t2, t1) terms contain the vibrational dependence of the
signal.
Eq. 1.19 represents the response of a molecular ensemble with fixed orientation(all molecules
have the same orientation), but this is of course not the case when we deal with systems in
the condensed phase. The molecules are isotropically distributed, so that the expression of the
detected signal requires the summation over all possible orientation of the molecules. There is
a way to predict signals using isotropic averages [137], which are detailed in appendix B. From
now on, we use the symbols 〈..〉 to refer to the bulk response after isotropic averaging.
What we can control in an experiment is the polarization orientation of the fields. In this
thesis, the light propagates along the Z axis in the frame of the laboratory, so that the electric
fields can have a polarization either along the X or the Y axis. The transition dipole orientation
in the molecular frame is what we want to measure, and from now on, we will use the shorthand
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notation:
〈XXXX〉 = 〈−→e LO.−→Θ(Rn)〉 = 〈(−→e X .−→u sig) (−→e X .−→u 3) (−→e X .−→u 2) (−→e X .−→u 1)〉 (1.20)
〈XXY Y 〉 = 〈(−→e X .−→u sig) (−→e X .−→u 3) (−→e Y .−→u 2) (−→e Y .−→u 1)〉 (1.21)
〈XYXY 〉 = 〈(−→e X .−→u sig) (−→e Y .−→u 3) (−→e X .−→u 2) (−→e Y .−→u 1)〉
〈XY Y X〉 = 〈(−→e X .−→u sig) (−→e Y .−→u 3) (−→e Y .−→u 2) (−→e X .−→u 1)〉
which means in the case of Eq. 1.20 that the probe and the pump fields are all X-polarized,
whereas in the case of Eq. 1.21, the probe is X-polarized and the pump is polarized along the
Y axis.
The different transition dipole moments orientations in these equations depend on the Feyn-
man pathway for which we want to calculate the orientation dependence. For example in 2D-IR,
for a bleach on the diagonal, the same transition dipoles is involved in each of the interactions.
When a single transition is considered, it is a good approximation to state that the orientation
of the transition dipoles between 0→1 and 1→2 is the same. The next table, adapted from [44],
gives the polarization response for the different sequence of polarized pulses, depending on the
pathway involved.
Pathway XXXX XXYY XYXY XYYX
jjjj 1/5 1/15 1/15 1/15
jiji (4P2+5)/45 P2/15 (5-4P2)/45 P2/15
jjii (4P2+5)/45 (5-2P2)/45 P2/15 P2/15
jiij (4P2+5)/45 P2/15 P2/15 (5-2P2)/45
Table 1.1: Orientational response for the different possible pathways involving i or j dipoles, with the sequence
of pulses polarized along X or Y. P2 is the second order polynomial, depending on the angle between the i and
j dipoles. (P2 =
1
2 (3cos
2θij − 1))
In fact, the field polarizations can be used to modulate the signal arising from the different
Feynman pathways. For example, the diagonal peaks of a 2D-IR spectra which involve four time
the same dipole in the expression of the orientation dependence will give rise to an absorption
change three times higher with parallel probing than in the perpendicular one. This fact can
be used to eliminate diagonal peaks from 2D spectra, by doing the subtraction A‖ − 3A⊥ [47].
Also, cross peaks with well defined anisotropy can be eliminated by a proper choice of pulse
polarizations [43, 48].
1.2.2 Algebra of the orientational four-point correlation functions
First it is important to note that over all the polarization sequences possible, only three are
linearly independent, and related to each other by the equation [49].
〈XXXX〉 = 〈XXY Y 〉+ 〈XYXY 〉+ 〈XY Y X〉 (1.22)
Also, in the dipole approximation, all the terms which contains an odd number of a polar-
ization component vanish. (ex:〈XXXY 〉 = 〈XY Y Y 〉 = 0).(See appendix B).
When one wants to combine pulses with polarizations different than X or Y, but still in the
XY plane, it is always possible to express these polarization conditions in function of one of
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the terms of Eq. 1.22. For example, for a pulse with a linear polarization making an angle α
relative to the X axis, we can write its polarization as X cos(α) + Y sin(α).
Z
X
Y
π/4
−π/4
Ε1Ε2
Ε3
ΕLO
Figure 1.5: Example of a sequence of polarized pulses with their orientation.
For the succession of pulses depicted in Fig. 1.5 , we can re-express the orientational term:
〈 XY (X cos(pi
4
) + Y sin(
pi
4
))(X cos(
pi
4
)− Y sin(pi
4
))〉 = 1
2
〈XY (X + Y )(X − Y ) (1.23)
=
1
2
(〈XYXY 〉 − 〈XY Y X〉) (1.24)
Other useful sets of field polarizations can be easily expressed in function of the different
tensor elements [47]. Some are depicted in table 1.2.
ELO E3 E2 E1 Tensor element
0 pi/4 −pi/4 0 1/2 (〈XXY Y 〉+ 〈XYXY 〉)
pi/4 0 −pi/4 0 1/2 (〈XXY Y 〉+ 〈XY Y X〉)
pi/4 −pi/4 0 0 1/2 (〈XY Y X〉+ 〈XYXY 〉)
0 pi/3 −pi/3 0 1/4 (〈XXXX〉 − 3〈XY Y X〉)
θ −θ pi/2 0 1/2 sin(2θ) (〈XYXY 〉 − 〈XY Y X〉)
Table 1.2: Some useful polarization combination and the tensor elements they can be reduced
to.
Chapter 2
Experimental
2.1 Introduction
In this chapter are presented the different apparatus needed to perform ultrafast IR spec-
troscopy. Commercial femtosecond lasers generate near-IR light pulses that are later frequency-
converted to the visible with non-linear crystals or to mid-IR with home-built optical paramet-
ric amplifiers (OPA). The different beams are brought to the pump-probe set-up where they
interact with the sample, and the spectral changes in the probe are monitored.
Ti:Sapphire laser
800nm, 1mJ, 1kHz,100fs
OPA
3~8µm, 2µJ 1kHz,100fs
Non-linear crystal
400nm, ~1µJ
Pump-probe 
set-up
Figure 2.1: General overview of the experimental set-up
2.2 Femtosecond Laser
The femtosecond laser pulses are generated by a commercial laser system from Spectra-Physics.
A Tsunami R© oscillator pumped by a continuus wave Millenia R© emits 100 fs nanojoule pulses
at a repetition rate of 80 MHz,tunable between 775 nm and 840 nm. This pulses are then
amplified in the Spitfire R© chirped pulses amplifier, pumped by the Evolution R©, leading to
pulses of ≈1 mJ at 800 nm at 1 kHz.
2.3 Frequency conversion
2.3.1 UV light generation
The near IR pulses can be converted to near UV by using second harmonic generation in a
1 mm β-Barium Borate (BBO) non-linear crystal cut at 30◦. A small fraction of the output
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from the regenerative amplifier (typically 10 µJ) is focused on the BBO crystal and generates
blue light. This results in 390-420nm (depending one oscillator wavelength), 100 fs pulses of a
few µJ, that can be used as a pump pulse in the experiment to trigger a photoreaction.
2.3.2 Mid-IR light generation
A two stage OPA, combined with difference frequency generation (DFG) are used to generate
mid-IR pulses in the 3 µm to 8 µm spectral range [54, 55]. The general layout is drawn in
Fig. 2.2.
The near-IR part of the spectrum from the white light generated in a sapphire plate is over-
lapped spatially and temporally with a small amount (≈10 µJ) of the fundamental frequency
into a BBO (type II, 4 mm) to generate weak signal and idler. The signal is refocused back
into the BBO and overlapped with an intense (≈250 µJ) beam to generate intense signal and
idler (60 µJ together). Signal and idler are then separated and recombined in a AgGaS2 (type
I,1.5 mm) crystal for DFG of mid-IR pulses in the range of 3 to 8 µm. The pulse have a spec-
tral bandwidth of about 200 cm−1, and their central frequency can be tuned by changing the
orientation of the BBO and AgGaS2 crystal for best phase matching of the input and output
frequencies.
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Figure 2.2: Schematic representation of the OPA. DM : dichroic mirrors. R refers to the radius of spherical
mirrors. F refers to the focal length of lenses.
2.4 The pump-probe Experiments
2.4.1 UV-IR set-up
In Fig.2.3 is shown a layout of the UV-pump IR-probe set-up used to acquire transient absorp-
tion data. The principle is quite simple and was already introduced in chapter 1.
The pump pulse is delayed in a computer controlled delay line that permit to scan the time
T between pump and probe pulses. The pump is chopped at half the repetition rate of the
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probe, i.e. 500Hz, which allows us to measure the intensity of the probe with and without
pump alternatively.
A small portion of the energy of the mid-IR pulses coming from the OPA is used as probe
light. The waist of the probe beam is first magnified in a telescope, allowing to get a smaller
spot size at the sample where it is focused by off-axis parabolic mirrors. The probe beam is
split into two, a reference and a signal beam to correct for the laser energy fluctuations. Those
two beams propagates together, separated vertically by about 2cm. Both reference and signal
are imaged through a spectrometer (Triax Series, Jobin Yvon) on two independent array of an
MCT (2×32 pixels, Infrared Asssociates, Inc).
This way, the absorption change can be expressed in function of the intensity of probe and
reference on each of the array detectors, when pump is on or blocked by the chopper :
∆A = − log
(
Ipumpoffprobe
Ipumponprobe
× I
pumpon
ref
Ipumpoffref
)
(2.1)
This set up has a high detectivity and the noise on the absorbance is usually as low as
20 µOD for an accumulation time of 1 s (1000 shots). Some modifications on this set-up are
shown in chapter 6.
“Pump”
“Probe”
Pump-probe
delayfrom
OPA
Sample
MCT
λ/2
from
SHG
Chopper
TSM1
SM2
PM1
PM2
PM3
Figure 2.3: Schematic representation of the pump-probe set-up. SM 1 & 2 are spherical mirrors making a
telescope. PM 1, 2 & 3 are parabolic mirrors to focus light at sample and on the entrance of the spectrometer.
T is the pump-probe delay.
2.4.2 2D-IR set-up
The 2D-IR set-up presented in Fig 2.4 is a recent implementation that is now used intensively
in our laboratory. The same set-up as for UV-pump IR-probe spectroscopy is used, only an
additional interferometer is placed in the intense IR beam output from the OPA. The complete
description of this set-up can be found in [40].
The interferometer creates a pair of collinear pulses, whose path difference t1 is accurately
determined through their interferogram. A He-Ne laser is used to track the position of the
moving mirrors in the interferometer, allowing interferometric accuracy. This scheme enables
fast scanning of the delay t1 and minimizes the noise in the 2D spectra, by reducing the effect
of the fast energy fluctuation between successive pulses.
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The 2D-signals are obtained by Fourier transformation of the light intensity (Eq. 1.9) with
respect to t1. This isolates the oscillating term Re[Esig.ELO] (see Eq. 1.7), making the signal
proportional to Esig, while eliminating the unwanted pump probe signals arising from the indi-
vidual pump pulses. In conventional pump-probe spectroscopy, the light intensity is measured
with and without pump beam (chopper) and the log-ratio of the two measurements is taken
(Eq. 2.1). The signal is then independent of the spectrum of the probe beam. The same is
achieved in our 2D-scans by dividing the signal by the t1-averaged intensity, and no chopper is
needed in that case.
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Figure 2.4: Schematic representation of the 2D-IR set-up in the pump-probe geometry. A) General overview
B) A zoom on the interferometer to generate the pair of pump pulses. C) A zoom on the implementation for
signal enhancement where LP1 and LP2 are nearly crossed polarizers
The spectrometer is usually equipped with broadband beamsplitters, but we can also use
polarizers (see Fig.2.4B), in which case the two pump pulses are perpendicularly polarized,
allowing to measure new tensor elements of the orientational response function. (see section
1.2.1)
The inset C in Fig.2.4 describes the scheme that was used in this thesis to measure 2D-IR
spectra with increased sensitivity (see chapters 5 and 7).
2.4.3 Practical aspects
Photo-Elastic Modulator
In this thesis, we use both waveplates and Photo-Elastic Modulators (PEM) to change the
polarization of the pulses. The main interest of PEM is that they can modulate polarization
at the repetition rate of the laser, while waveplates have to be rotated between two successive
accumulations. This way, two consecutive pulses can have distinct polarization state. The
quality of the anisotropy measurement is greatly enhanced this way, as the fluctuations of
the laser between the two required measurements (parrallel and perpendicular probing) are
correlated (see discussion in section 6.4.3 or reference [29]).
The principle of PEM is the following : a plate of an isotropic material is placed between
piezometers which apply a mechanical stress on the plate. Applying a sinusoidal voltage on the
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piezometers at the resonant frequency of the material, a large birefringence proportional to the
strain is induced which can be used to change the polarization state of light.
PEM oscillations, 50 kHz
inactive contracted,−λ/2 inactive expanded , +λ/2
Laser pulses
1 kHz
timex 4
÷199
delay
trigger
trigger
Figure 2.5: Scheme of the PEM state fo four consecutive laser pulses, with their respective polarizations.
The polarization of either the UV-pump or the IR probe (for set-up 2.3) laser pulses could
be modulated by different photoelastic modulators. Since our PEMs need to operate at a given
resonance frequency f ≈ 50 kHz, we have synchronized the laser to the PEM, as described in
detail elsewhere [56, 57], and shown schematically in Fig. 2.5. In brief, the fourth harmonic
of the PEM frequency was down-counted by an odd number to provide a trigger for the laser
amplifier of approximately 1 kHz. This trigger was delayed in such a way that the femtosecond
pulses cross the modulator when it is in a relaxed state (no polarization change) or at a turning
point of its oscillations, i.e. when it acts as a ±λ/2 plate. The linear polarization of probe
pulses initially at an angle β with respect to the PEM optical axis was thus alternatingly left
unchanged or it was rotated to an angle −β.
The use of a PEM may also have some disadvantages. For example, they need high voltage
to activate the piezometers, which results in a electronic noise affecting the signals, dependent
on the voltage. One way to reduce this noise was to use a half wave plate in front of the PEM
to create a circular polarization. Then, the PEM was tuned with half the voltage to a quarter
wave plate, which reduced the electronic noise. Some other artefacts due to PEM are discussed
in chapter 6.
Wire grid polarizers
Some of the measurements presented in this thesis rely on the high quality of the polarizers
used in the set-ups. We use free standing wire grid polarizer (InfraSpecs , P03 model), with
extinction ratio < 10−4. These polarizers have a transmission of only 50%, which is a drawback
in our case, as we need as much energy as possible at the sample to increase the signal.
An alternative which was not used in this thesis, is to use brewster angle polarizer made of
germanium, which can in principle have extinction ratio < 10−7 [51].
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Part II
Study of biomimetic photoswitches
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Nature has created fascinating devices for the interconversion of chemical and mechanical en-
ergy, where cis/trans isomerization (CTI) plays an important role [58]. This includes the
process of vision [17], protein folding and unfolding [59], gating of ion channels [60] or even
cellular dynamics [61].
The retinal protonated Schiff base chromophores of Rhodopsin proteins are a class of bio-
logical photoreceptors which constitute natural E/Z switches 1. In the protein, these molecules
undergo bond-selective and efficient photo isomerization, which lead to the conformational
changes in the protein framework that trigger the vision process [17,18]. The selective 11-cis to
all-trans isomerization of retinal in rhodopsin occurs around the C11=C12 double bond, and is
achieved with the record value of 200 fs . It is the most efficient isomerization known, with a re-
action quantum yield of 0.67 [18,21] . Retinal can be regarded as a model in terms of quantum
yield, rate and unidirectionality for building artificial light-driven molecular switches [62–64].
Based on these observations, a new class of molecular switches based on a N-alkylated
indanylidene-pyrroline Schiff base(NAIP) framework was proposed, with the aim to mimic the
photochemistry of retinal in Rhodopsin.
Initially designed on computer, the NAIP-framework features a well-isolated singlet excited
state characterized by significant charge transfer from the pyrroline to the indanylidene moiety
(see Introduction). Combined Quantum Mechanics/Molecular Mechanics (QM/MM) compu-
tations [28] have shown that the molecule relaxes from the Frank-Condon region in the first
excited state to the ground state by passing through a conical intersection (CI) on a barrierless
reaction path. This leads to an efficient and fast isomerization process very similar to that of the
biological chromophore retinal on which it was modelled [65–67]. The theoretical predictions
are in very good agreement with experiments, probing the complete photocycle of a proto-
type methoxylated NAIP molecule (MeO-NAIP) by time-resolved electronic and vibrational
spectroscopy [27,28].
In chapter 3 are presented the results from ultrafast infrared spectroscopy on zwitterion
photoswitch of the NAIP family (ZW-NAIP). The ultrafast spectroscopy of the ZW-NAIP
photoswitch and its new properties make it attractive for the design of unidirectional molec-
ular rotors fuelled by light. In fact, its chiral framework is expected to induce unidirectional
rotation during the cis to trans and trans to cis isomerization processes. The consequence of
unidirectional rotation on the signals, and the possibility to detect it from the anisotropy of
transient IR spectroscopy measurements is explained in chapter 4 and was the motivation for
the experimental development described in part III of this thesis.
1Z and E refer to the cis and trans configuration respectively
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Chapter 3
Ultrafast spectroscopy of the
bi-directional isomerization of a dipolar
biomimetic photoswitch
The work presented in this chapter reports on time-resolved infrared data characterizing a
zwitterionic switch (ZW-NAIP, see Fig. 3.1) based on the NAIP scheme presented in the intro-
duction of this thesis [27,63]. ZW-NAIP exhibits remarkable new properties [26]. A negatively
charged carboxylate group at the C2-position of the pyrroline moiety acts as an internal counte-
rion , creating a permanent dipole moment of approximately 15 Debye in methanol solution. In
the molecular frame, the predicted dipole change is almost 30 Debye between Z and E isomers
(See Fig. 3.1), which is significantly larger than any photo-induced dipole change observed so
far (e.g. 17 D for indolinospyrobenzopyrane [68]). The carboxylate group will, in the future,
serve as a linkage to peptides, where the new switch may provide an interesting alternative
to the widely-used azobenzene-based chromophores [69], for example by greatly enhancing the
solubility of apolar sequences in aqueous solvents. Moreover, unlike the previously investi-
gated switches, ZW-NAIP is a chiral molecule (although the experiments reported here were
performed on a racemic mixture) and constitutes a first step toward a switch with directional
preference for the isomerization of two enantiomers [63,70–72].
Our mid-IR results are complementary to UV-visible transient absorption and time-resolved
fluorescence measurements on ZW-NAIP, which are reported in the article we published with
our collaborators [73]. Some of these results will be mentioned here to support our discussion.
While vibrational spectroscopy is highly sensitive to the return of population to the electronic
ground state and can more easily distinguish the two isomers, electronic spectroscopy provides
a detailed picture of the wavepacket-like behaviour in the S1 excited state, with evidence for
an impulsive passage through a conical intersection.
3.1 Experimental set-up
We used here the UV-pump IR-probe set-up described earlier in section 2.4.1. The pump pulses
at 390 nm had energy of 0.5 µJ.
Data in three overlapping spectral windows were recorded consecutively under identical
conditions and assembled to produce transient spectra between 1475-1675 cm−1, with a 4 cm−1
resolution.
Zwitterionic N-alkylated indanylidene-pyrroline (ZW-NAIP) was synthesized by our col-
laborators in Italy, in racemic mixture as described in reference [26]. It was dissolved at a
concentration of 20 mM in 1 ml deuterated methanol dried over molecular sieves. The sample
was circulated with a peristaltic pump in a 100 µm thick flow cell made of two 2 mm CaF2
windows [74]. The maximum optical density in the mid-IR was 130 mOD at 1630 cm−1. Sam-
29
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Figure 3.1: The isomerization of ZW-NAIP induces a 15D dipole change in the molecular frame.
ple purity and isomer concentrations were checked shortly before and after measurements by
recording 1H-NMR spectra on a 300 MHz spectrometer (Bruker). FTIR data was recorded at
2 cm−1 resolution on a BioRad FTS-175 Fourier transform spectrometer.
3.2 Results
3.2.1 Steady State measurements
In the dark at room temperature ZW-NAIP is found almost entirely in the Z conformation.
Irradiation of the sample in the UV-visible leads to the formation of molecules in the metastable
E form, which relax back to Z only very slowly with a 6.5 h time constant [62] . 1H-NMR spectra
could thus be recorded to determine the exact isomer concentrations in the irradiated samples,
yielding the infrared absorption spectra of both isomers (Fig. 3.2).
The FTIR spectrum of ZW-NAIP in methanol (Fig.3.2) shows four bands in our spectral
window between 1475 cm−1 and 1675 cm−1 , which can be compared with harmonic normal
mode calculations (Gaussian program suite [75] , B3LYP with 6-31G+ basis set). The small
band near 1490 cm−1 is due to CH3 bending modes. The band at 1570 cm−1 (1563 cm−1 for the
E-isomer) is assigned to a stretching mode dominated by in-phase contraction of the isomerizing
C1’-C4 double bond and the C5-N bond of the pyrroline moiety. The corresponding transition
dipole moment is expected to be nearly parallel to the C1’-C4 bond and the electronic transi-
tion dipole moment, consistent with an anisotropy in the pump-probe data close to 0.4 (ratio
of 3 between parallel and perpendicular probing, see Fig. 3.3).
Two normal modes involve strong asymmetric C=O stretching motion of the negatively
charged carboxylate group (as well as out of phase C1’-C4 and C5=N stretch). One of them
can be assigned to the 1626 cm−1 band, based on its slightly negative anisotropy in the pump-
probe data and a predicted transition dipole moment nearly perpendicular to the C1’-C4 bond.
The second mode involving C=O stretch may either not be resolved or give rise to the shoulder
at 1608 cm−1 . This shoulder could, however also be due to another mode that is predicted to
carry oscillator strength, which is characterized by deformation of the 6-membered ring (equally
involving some out of phase C1’-C4 and C5-N stretch motion).
After a few minutes of continuous irradiation at 470nm (light-emitting diode 70 mW), a
wavelength at which the Z-isomers absorb 2-3 times stronger than the E-isomers, it was possible
to reach a photoequilibrium with a relative E concentration of 80% (Fig. 3.2c). Subsequent
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Figure 3.2: Structure and a) vibrational spectrum of the Z and E isomers of ZW-NAIP. b) Absorption changes
after irradiation of Z at 470 nm (solid line) and irradiation of an E-enriched sample at 370 nm (dashed line).
c) 1H-NMR spectra show that the switch can be prepared with an E-concentration of 80% after irradiation at
470 nm. d) 1H-NMR spectra obtained with a pure Z conformation of the sample when left in the dark
irradiation at 370 nm partially reversed the changes in the FTIR spectra observed for Z→E
isomerization (Fig. 3.2b). This and the transient experiments performed on this E-enriched
sample (see results below), demonstrates that ZW-NAIP can be efficiently used as a reversible
bi-directional dipolar switch.
The isomer concentrations in photoequilibrium for irradiation at the isosbestic point (equal
E and Z absorption) at 412 nm (unfocused fs-laser beam, average power 50 mW) was found to
be 40% Z and 60% E, indicating that the quantum yield of the Z→ E photo isomerization is
1.5 higher than in the E→Z direction. (Lower E concentrations reported in [26] are most likely
due to thermal relaxation (kR ≈ 6.5 h) during longer irradiation with weaker light sources,
competing with the isomerization process).
3.2.2 Mid-IR Time-resolved Spectroscopy
Z → E isomerization
Immediately after 390 nm excitation of a sample containing only Z-isomers, the transient spec-
trum (Fig 3.5a, 0.25 ps) is dominated by the bleaching of the 1570 cm−1 and 1630 cm−1 ground
state absorption bands of ZW-NAIP. Comparison with the inverted FTIR spectrum (dashed
line) reveals that between 1590 cm−1 and 1620 cm−1 bleaching is weaker or partially compen-
sated by induced absorption. (An additional, unstructured and fast-decaying offset due to the
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Figure 3.3: Background-corrected pump-probe data for Z-excitation at 300 fs delay for parallel and perpen-
dicular polarization of UV-pump and IR-probe pulses. Anisotropy at 1570 cm−1 (C=C stretch ) is in line with
nearly parallel electronic and vibrational dipoles while dipole due to C=Os stretch at 1620 cm−1 makes an angle
around 55◦ the electronic dipole.
Kerr signal of the cell windows has been subtracted).
Between 0.2 ps and 1 ps delays, an induced absorption signal is growing at the low frequency
side of the C=C stretch band. After 1 ps, its maximum is continuously shifting to higher
wavenumbers, increasing the overlap of this induced band with the initial bleach. This leads
to a decrease of the total signal in the C=C stretch region on a time scale of approximately
10 ps. After 20 ps the transient spectrum already very closely resembles the steady-state E-Z
difference spectrum.
We integrated the signal over the transient spectra between 1505 and 1590 cm−1 in order
to extract a time constant of this growing absorption band. The time trace shown in Fig. 3.5e
(open circles) can be fitted by a single exponential with a 200 fs rise time. We will argue
below that the ultrafast rise of this signal corresponds to the recovery of the double bond
character in the electronic ground state of both Z and E isomers after internal conversion (IC).
The essentially constant integrated signal at delays longer than 1 ps indicates that, on the
picosecond timescale, the photo-induced absorption band is merely shifting and narrowing as
the molecules dissipate excess energy to the solvent.
The measured transient IR spectra in Fig. 3.5a are difference spectra, composed of the
absorption of the molecules after excitation minus their absorption before excitation. The
latter contribution can be eliminated by subtracting a properly scaled FTIR spectrum (dashed
line in Fig. 3.5a). This yields to the ”true” absorption spectra of ZW-NAIP molecules from
the moment of excitation up to the completion of the photoreaction; these spectra are shown
in Fig. 3.5c and d. Growth and shifts of the vibrational bands can now be directly observed:
• The band at 1630 cm−1 can be seen to weaken and to undergo an immediate red-shift upon
photoexcitation, leading to induced absorption that partially compensates the bleaching
of the equally red-shifted 1608 cm−1 transition. Fast spectral changes on a sub-picosecond
timescale comprise a decay of this red shift and a slight broadening of the C=O stretch
band, which give rise to the positive absorption signal near 1650 cm−1 in the transient
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Figure 3.4: Harmonic normal mode specta of Z and E forms of the ZW-NAIP switch in the gas phase
(B3LPY, 6-31G+ basis set). The mode at 1605 cm−1 (1586 cm−1 for E) is dominated by C1’-C4 and C=N
stretch motion, the two modes near 1640 cm−1 (1620 and 1640 cm−1 for E) are characterized by asymmetric
C=O stretch motion. In the gas phase optimized structure, the carboxylate group is rotated with respect to
the QM/MM solution structure of [26].
data of Fig. 3.5a. Unlike the C=C stretch mode (1570 cm−1) whose integrated inten-
sity remains constant after 2 ps, the 1630 cm−1 band continues to grow on a picosecond
timescale. (Solid line in Fig. 3.5 e)
• The band associated with the C=C stretch vibration is weak at early times, and grows
back during the first picosecond as seen in Fig. 3.5c. The growth of this band is depicted
by the integral in Fig. 3.5e (circles) and takes place with a 200 fs time constant. While its
integral stays constant after 2 ps, the band shifts on the picosecond time scale (Fig. 3.5d),
until the spectra matches that of the fully relaxed ground state.
E → Z isomerization
The reverse E→Z photo-isomerization was investigated after establishing an E-isomer concen-
tration of 80% in a photoequilibrium maintained by continuous irradiation of the sample at
470 nm. A higher absorption cross section for E at the pump-laser wavelength (390 nm) ensured
that only 10 to 15% of the excited molecules were initially in the Z form.
The results are depicted in Fig. 3.6. The spectral changes at short delay times are very
similar to those observed for Z excitation. Bleaching is again strongest for the C=C stretch
band, with a red-shifted induced absorption band forming within the first picosecond. Spectral
34 3. ZW-NAIP ISOMERIZATION
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
1500 1550 1600 1650
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
1500 1550 1600 1650
1 10
-0.2
-0.1
0.0
0.1
DA 
(mO
D)
 0.25ps 0.35ps 0.45ps 0.55ps 0.65ps 0.8ps 1.ps
a)
 
b)
e) Frequency (cm
-1)
 1.ps 2.ps 3.ps 5.ps 8.ps 12.ps 30.ps
c)
d)
C=C
 
 
Inte
gra
ted
 Sig
nal
 (a.
u.)
Time (ps)
C=O
Figure 3.5: a) and b) Transient absorption spectra at different delays after excitation at 390 nm of a sample
containing only Z isomers. Pump energy 0.3 J, time resolution (cross correlation) 150 fs FWHM. Dashed line:
inverted FTIR absorption spectrum. c) and d) Same data as after substraction of the inverted absorption
spectrum, which eliminates the bleaching component. Pump-probe delay times are given in picoseconds e)
Integral of the transient spectra in a and b between vertical dashed lines at 1505 cm−1 and 1590 cm−1 (C=C
stretch band, open circles) and between vertical dash lines at 1590 cm−1 and 1675 cm−1 (C=O stretch bands,
solid squares). Solid lines represent mono-exponential (200 fs) and bi-exponential (200 fs and 5.5 ps) fits,
respectively.
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integration between 1505 and 1590 cm−1 produces an exponentially rising signal with a time-
constant (a least square fit yields 250 fs) similar to that found in the Z→E direction (Fig. 3.6e).
This integrated signal stays constant for delays larger than 2 ps (Fig. 3.6e). Again, the shift
and growth affecting the C=O band occur both on the picosecond time scale (Fig. 3.6e)
Quantum yield of isomerization
Figure 3.7 presents the comparison between FTIR spectra and time-resolved spectra obtained
for both Z→E and E→Z photoisomerization processes in order to determine quantum yields
of isomerization. For this purpose, the time resolved spectra were intensively accumulated for
only 2 delays, i.e. 300 fs where the bleach spectrum can be compared with the inverted FTIR
spectra of the photo-excited isomer, and at 300 ps where the spectrum matches the difference
spectrum obtained under irradiation in FTIR. The noise was low enough to reveal absorption
changes smaller than 10 µOD.
By fitting the FTIR absorption spectrum to the 1570 cm−1 bleach signal in the early delay
pump-probe spectra of Z-ZW-NAIP (Fig. 3.7)a, we calculate the number of molecules which
have actually absorbed a photon. Matching the FTIR-difference and transient signal at 300 ps
delay allows us to deduce the ratio of each isomer in solution. We find then a 35% quantum
efficiency for Z→E isomerization. This must be regarded as an upper limit because unlike
the previously studied parent molecule NAIP (no carboxylate group), where the C=C stretch
band was spectrally well-isolated [28], the transient spectra immediately after photoexcitation
is not an exact replica of the (inverted) absorption. The additional modes in ZW-NAIP do not
disappear in the excited state but broaden, shift in frequency and change oscillator strength,
which may partially reduce the C=C bleach and thus increase the calculated quantum efficiency
as we may under estimate the number of excited molecules.
Following the same analysis, the upper limit for the quantum efficiency of the E→Z reaction
is found to be 22 %, and the bleach spectrum subtracted in Fig. 3.6 c and d corresponds to
this calculated yield. This E→Z quantum efficiency is 0.6 times the Z→E quantum efficiency,
in line with the photoequilibrium concentration ratio under irradiation at the isosbestic point.
We also used this ratio in order to include in the E→Z quantum efficiency calculations the
contribution of the molecules (≈10-15%) that were excited in the Z-form.
Thermal contribution and photodegradation We noticed a change in the transient spec-
tra when the pump-pulse energy was raised above 0.5 µJ (corresponding to approximately
2 × 1010 W/cm2 in the focal spot), in which case the difference spectrum at long delays (30-
300 ps) no longer matches the FTIR data, with an additional bleach contribution appearing in
the C=O stretch region. Prolonged irradiation under these conditions also led to changes in
the FTIR and NMR spectrum of the sample. Multiphoton excitation in very strong laser fields
can thus lead to photodegradation of ZW-NAIP. On the other hand, only very small changes in
sample absorption (due to the heating of the methanol solvent) were observed in the spectral
window under investigation when the temperature was raised from 22 to 24 Celsius degrees (see
Fig. 3.8). The contribution of temperature to the transient spectra due to the (sub Kelvin)
temperature increase in the irradiated sample volume can thus be neglected.
Computational results
Our collaborators from Italy, in the group of Prof. Olivucci, have studied ZW-NAIP with
quantum mechanics/molecular mechanics (QM/MM) computations. They could show that
the excited state properties of ZW-NAIP were similar to the previously studied MeO-NAIP
photoswitch [26,28] and to that of Rhodopsin. A result from this computational work is shown
in Fig. 3.9. They could show that the excited states of the cis and trans isomers display
a smooth barrierless path form the Franck-Condon until a conical intersection (CI) with the
ground state. This is a prediction that the take place on the sub-picosecond time scale, and
in both Z → E and E → Z directions. They predicted barrierless torsional motion about
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Figure 3.6: a) and b) Transient absorption spectra at different delays after excitation at 390 nm of a sample
with an E isomer concentration of 80%. Data was recorded under identical conditions as in Fig.3.5 as soon
as photoequilibrium was established by 470 nm irradiation. Dashed line: inverted FTIR absorption spectrum
(85% E, 15% Z). c) and d) Same data after subtraction of the inverted absorption spectrum, which eliminates
the bleaching component. Pump-probe delay times are given in picoseconds e) Integral of the transient spectra
shown in a and b between vertical dashed lines at 1505 cm−1 and 1590 cm−1 (C=C stretch band, open circles)
and between vertical dash lines at 1590 cm−1 and 1675 cm−1 (C=O stretch bands, solid squares). Solid lines
represent mono-exponential (250 fs) and bi-exponential (250 fs and 4 ps) fits, respectively.
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Figure 3.7: a) and c) Comparison between bleaching at early times (0.3 ps) and FTIR spectrum of ZW-NAIP
for both Z→E and E→Z isomerization process. b) and d) comparison of the later times (300 ps) and FTIR
difference spectra obtained under irradiation.
the C1’-C4 bond and loss of its double bond character [26] in the excited state. Trajectory
simulations on the excited state potential estimated the time scale of isomerization to be on
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the order of 300 fs.
Results from ultrafast UV/VIS spectroscopy
Briand et al., who investigated the photoreaction in the Z→E direction by ultrafast UV-visible
spectroscopy observed an ultrafast fluorescence decay with a 140 fs time constant, and a broad
excited state absorption undergoing a strong spectral shift on a 200 fs timescale [73]. Its longest-
lived component near 300 nm decays with a 160 fs time constant. An induced absorption that is
red-shifted with respect to the ground state S1-absorption band is attributed to hot molecules
in the electronic ground state. It rises with a 200 fs delay and reaches its maximum 380 fs
after photoexcitation. Those experiments thus provide clear evidence for ultrafast excited state
decay, in line with our results discussed below.
3.3 Discussion
From our transient infrared spectra, the most prominent signal for both Z and E excitation is the
instantaneous bleach and re-formation, on a sub-picosecond timescale, of the band associated
with the C=C stretch vibration. The bleaching is consistent with ab initio minimum energy
path calculations in the electronically excited state, The re-formation of the vibrational band in
this spectral region is thus interpreted as a signature for the return of photo-excited molecules
into the electronic ground state, as previously observed for the NAIP parent molecule [76]. Our
signal in the C=C stretch region is also similar to data recorded for the chromophore of Bacte-
riorhodopsin [77,78]. However, due to longer pulse durations and, more importantly, perturbed
free induction decay (PFID) signals at negative pump-probe delay and a Kerr-signal from the
sample cell windows, our mid-IR experiment cannot unambiguously distinguish between an
instantaneous or a delayed onset of ground state population. Nevertheless, the 250 fs spectrum
in Fig. 3.5a and c, which is the first one free of PFID and Kerr-signal contributions, shows only
a very small positive C=C stretch band.
While the C=C stretch signal is growing in, it is continuously narrowing and the band
center is shifting toward higher frequencies. In such a case, only the integrated band intensity
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Figure 3.9: The Minimum Energy Path calculations for Z→E and E→Z isomerizations. The arrows indicate
the motion to the conical intersection and back to the ground state to either Z or E isomer
yields a meaningful measure of the underlying population dynamics, whereas the time traces at
individual probe frequencies can only be fitted using multiple time constants. Nevertheless, the
numbers extracted from the fits of the integrated spectra in Fig. 3.5e and 3.6.e still carry large
error bars, as they are sensitive to band overlap and to the decay of the cell window signal.
In the transient spectra shown in Fig. 3.5 and 3.6 the red-shift of both Z and E photoproduct
bands due to anharmonic coupling to low-frequency vibrations, does not allow us to distinguish
isomerizing molecules from those returning to the initial Z or E conformation until the end of
vibrational cooling approximately 10 ps after excitation. Due to a similar shift of the visible
spectrum of vibrationally hot molecules, an electronic transient signal resembling the static
Z-E difference spectrum could also only be observed after 10 ps [73]. The high quantum yield
and the existence of a conical intersection with a twisted geometry argue for an isomerization
occurring at the moment of the recovery of the ground state during the first picosecond, when
the C1’-C4 double bond is restored. The isomerization time is then determine from the fits in
Fig. 3.5e) and 3.6, which gives 200 fs and 250 fs for the Z→E and E→Z isomerization processes
respectively.
The strong initial red-shift of the C=C stretch band immediately after electronic decay is
due to excited low-frequency vibrational modes that are populated in the hot molecules after
electronic decay. These are coupled anharmonically to the observed high frequency vibrational
transitions and typically shift them to lower energy [79]. As the excess energy is dissipated
to the solvent, the high frequency modes gradually recover the spectral position and lineshape
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characteristic of the cold molecules in the electronic ground sate.
Unlike the C=C stretch signal, the vibrational bands associated with C=O stretch vibration
do not disappear in the electronically excited state but shift in frequency and change oscillator
strength. This is likely to be caused by a change in normal mode character (in the electronic
ground state all vibrational modes in this spectral window contain C=C and C=N stretch
motion) and by the important charge redistribution. The oscillator strength of the highest
frequency mode continues to grow during the cooling phase of the photoreaction with a 4-6
ps time constant. We interpret this change as a signature of solvation of the large permanent
dipole due to rearrangement of the solvent structure.
The quantum efficiencies obtained are greater than the value found from kinetic measure-
ments using HPLC analysis [26], which have recently yielded to a value of 19% for Z → E
process. A source of error in the present measurements is the exact E/Z concentration ratio
obtained from 1H-NMR spectra and used to determine the pure E spectra. Also the number of
photoexcited molecule we guess from the intensity of the bleach signal may be under estimated
here due to the positive C=O band contribution on excited state.
3.4 Conclusion
We have demonstrated the functioning of a zwitterionic molecule with a rotating 15 D dipole
moment as an ultrafast bi-directional photoswitch. Despite strongly overlapping electronic
absorption spectra it is easily possible to prepare samples with an excess of either isomer of
more than 80 %. The NAIP based switch thus combines the favorable photophysical properties
of widely used non-polar switches like azobenzene with high solubility in polar solvents and
mechanical control over a large dipole moment, which rotates by nearly 180 ◦ in the molecular
frame upon isomerization.
In line with time-resolved UV-visible spectroscopy, transient vibrational spectra show sig-
natures of a very short-lived electronically excited state, where the C=O stretch vibration of
the carboxylate group is shifted and looses oscillator strength. The C=C stretch vibration of
the isomerizing bond reports on the return of the excited population into the electronic ground
state on a 200-300 fs timescale.
Small shifts and intensity changes of the C=O stretch mode are observed until 30 ps after exci-
tation, when the solvation of the highly polar carboxylate group is complete. The reversal of the
strong static dipole moment of ZW-NAIP may thus be fully controlled by light on an ultrafast
timescale. This group keeps its local character even on excited state, making it an interesting
probe of the structure change if we consider the anisotropy of the associated absorbing band.
Bi-directionality, rates and quantum yields of Z→E and E→Z isomerization give ZW-NAIP
potential properties for one who wants to convert light into mechanical motion. The chiral
framework of ZW-NAIP should involve a unidirectional isomerization [80–82], and constitutes
an important step forward for application of ZW-NAIP as a rotor fuelled by light and the design
of machines at the molecular level [83, 84]. The possibility to detect the unidirectional motion
of ZW-NAIP with ultrafast IR spectroscopy is the topic of chapter 4.
Chapter 4
Outlook : Towards the real time
detection of unidirectional rotation
4.1 Introduction
Nature provided already many examples of molecular machines like the linear motor myosin [85],
which is responsible for muscle contraction or the ATP synthase, a rotating motor that catalyses
the formation of ATP [86]. Retinal itself can be considered as a rotational motor [87], and the
effect of rotation is the first step of phototransduction.
The light driven motors derived from overcrowded alkenes proposed in the group of Prof. Feringa
in the University of Groningen already achieved the goal of unidirectional motion, but a ther-
mal step is still needed between the two successive photo-isomerizations, slowing down the full
cycle rotation of the motor [88,89].
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Figure 4.1: The four step rotatory cycle of Feringa’s molecular motors. Two steps are photo-induced (hν)
and two steps are thermal (∆)
The rotating part of these motors are connected to a ”stator” with a C=C bond, which acts
as the axle of the rotor (See Fig. 4.1). The cis-trans isomerization steps are photoinduced, while
there are two thermal helix inversion. These thermal steps require the crossing of a potential
energy barrier, which is unidirectional and driven by a favourable difference in free energy due
to a stereogenic center [88] (purple on the figure).
41
42 4. OUTLOOK : UNIDIRECTIONAL ROTATION
By varying the stereogenic substituent, as well as the X, Y and R groups, the rate and
quantum yields can be optimized, the important factor being the length of the isomerizing
C=C bond, the size of the rotor, and its steric hindrance with the stator [90].
With this, megahertz rotational frequency has been demonstrated on these compounds [91].
The unidirectionality in this case can be demonstrated using circular dichroism spectroscopy of
the four intermediate state involved in the full 2pi rotation, combined with transient absorption
spectroscopy on the nanosecond time scale.
With the ZW-NAIP molecule, we are in possession of a photoswitch that achieves both
Z→E and E→Z isomerizations in the femtosecond time scale. The chirality of the photoswitch
is expected to induce unidirectional rotation, so that a full 2pi rotation can take place by two
successive isomerizations Z→E→Z (see Fig. 4.2). Equilibration after photoswitching occurs in
a few tens of picoseconds, and the full 2pi rotation, which requires the absorption of 2 photons,
could be in principle achieved on the same time scale.
The aim of this outlook is to show that it is potentially possible to detect unidirectional
motion during the photoisomerization process. We demonstrate that by tracking the anisotropy
of a local vibrator which rotates during isomerization, it is in principle possible to decide whether
a rotation is clockwise or anti-clockwise. The results shown here are preliminary in the sense
that the anisotropy measurements were not reliable enough to get to any conclusion. We discuss
the artefact that can alter the anisotropy, and the prerequisite to be able to detect unidirectional
motion as an outlook, and a motivation for the work presented in the following chapters of this
thesis, which aim in improving the sensitivity of ultrafast IR spectroscopies to structure.
4.2 Chirality and unidirectional rotation
First, we want to show how chirality induces unidirectional rotation during the cis to trans
isomerization of the chiral NAIP photoswitches.
We can see in Fig 4.2 a chiral version of a NAIP photoswitch (ZW-NAIP presented before).
We see that the chirality due to the R group will pre-twist the molecule in a preferential way.
After photoisomerization, the product isomer will also be pre-twisted, and ready for the next
isomerization in the same direction of rotation. This leads to unidirectional motion, and ZW-
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Figure 4.2: Two successive isomerizations of a chiral NAIP photoswitch. Chirality induces a preferential
conformation that is pre-twisted. This leads to a preferential rotation direction which is the same for the Z→E
and E→Z isomerizations.
NAIP can be considered as a unidirectional rotor, achieving a complete 360◦ with two successive
isomerizations (Z→E→Z), by absorption of two photons.
If we are able to know the orientation of a transition dipole associated with a localized
vibration rotating in time, in the molecular frame, we can be in principle sensitive to the
rotation direction. This is what we described in the rest of this chapter.
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4.3 Model
We describe here a simple model to understand how anisotropy changes during a cis-to-trans
isomerization due to an internal rotation around a bond. The aim is to get a qualitative image
of what occurs to the anisotropy from the signal of a localized mode, placed on a rotating moiety
of a molecule. After electronic excitation of a UV or visible dipole triggering the isomerization
mechanism, we make the hypothesis the molecules are fixed, i.e. we neglect any rotational
diffusion that could affect the anisotropy on the time scale of the isomerization (isomerization
occurs on the time scale of 100 fs, while rotational diffusion constant are typically on the order
of tens of picoseconds).
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Figure 4.3: a) Structure of the Z isomer of ZW-NAIP b) Orientation of the UV (S0-S1)and IR (O=C=O
stretch) transition dipole relative to the C1’=C4 bond axis)
The only movement considered here is the rotation of a transition dipole moment associated
with the localized IR mode around the x axis (Fig.4.3). We denote Ω as the angle between
the plane containing the rotation axis and the IR transition dipole µIR with the xy plane
containing the electronic transition dipole µUV . This angle Ω, referred now as isomerization
angle, will change during isomerization and vary from Ω0, which correspond to the cis isomer
(Z) to Ω0+180, which corresponds now to the E isomer.
We define α and θ the angles made by µUV and µIR with the rotation axis x respectively. The
angle between µUV and µIR is denoted ω (not shown in Fig. 4.3). The value of the anisotropy
r between the electronic and infrared transition dipole is then:
r =
1
5
(
3 cos2 ω − 1) (4.1)
This equation can be re-written in function of the isomerization angle Ω = ∆Ω + Ω0 and
the (fixed) azimuthal angles α and θ and takes the form :
r(Ω) =
1
5
(
3 cos2 (arccos(sinα sin θ cos(∆Ω + Ω0) + cosα cos θ)− 1
)
(4.2)
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Figure 4.4: Anisotropy change in function of the isomerization angle Ω for clockwise (+) anti-clockwise (-)
and mixed rotation.
We will see in the next section how we can determine this angles for a particular system, but
we discuss first the different cases for different angle values. It is already interesting to see that r
generally depends on the sign of ∆Ω, meaning that a clockwise (+) or anti-clockwise(-) rotation
can be distinguished from the anisotropy signal. In our case described later, small values of α
are assumed, meaning the electronic dipole will be oriented mostly along the rotation axis as
the charge translocation due to UV excitation is responsible for the lowering of the order of the
double bond around which the rotation occurs. If α or θ were null, then anisotropy would not
change in function of ∆Ω, and no information about the rotation is contained in the anisotropy
signal. In all other cases, the amplitude of the change depends on the relative values of α and
θ. Then the distinction between (+) and (-) rotation depends on the initial value Ω0 of the
isomerization angle. For a Ω0 of 0
◦ or 180◦, one can see that the anisotropy will be the same
for clockwise or anti-clockwise rotations, as the angle between µUV and µIR will vary in the
same way 1 (xy is then a symmetry plane for the system). For other angles Ω0, the distinction
between the 2 directions of rotation will be possible, the difference between (+) and (-) will
then be maximal for angles Ω0 around 45
◦ depending slightly on the value of α).
Fig. 4.4 shows the anisotropy obtained for a set of angles (Ω0=30
◦, θ=65◦,α=20◦) for ∆Ω
varying from 0◦ to 180◦ What we observe is that we can get a large change of anisotropy, and
that the signal from clockwise and anti-clockwise rotation or a mixing of both directions of
rotation can be clearly distinguish. The amplitude and absolute value of anisotropy depend on
the relative values of α and θ, but the shape of the anisotropy in function of the isomerization
angle depends clearly on the direction of rotation.
4.4 Molecular parameters
In the case of ZW-NAIP, the moment of inertia of the pyrroline moiety is 2.4 times smaller
than that of the indanylidene group, and we expect the indanylidene orientation to change only
little in the coordinate system defined by the transition dipole moments at the start of the
1cos is an even function
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isomerization reaction (Fig. 4.3).
The electronic transition dipole is expected to form only a small angle α with the C1′ =C4
double bond, due to significant charge translocation across the isomerizing C=C double bond
upon S1 excitation, and we use this double bond as the effective rotation axis. The orientation
of the carboxylic group provides a good estimate for the orientation of the COO− asymmetric
stretch transition dipole moment, which we use as our mid-infrared probe.
In order to obtain more precise information on the transition dipole orientations we rely
on the mixed quantum-classical minimum energy path calculations of ZW-NAIP in methanol
solution reported in [26]. They reveal that the main structural changes affecting ZW-NAIP
during the evolution on the excited state are the concomitant flip of the 2 methyl groups at
C2’ with that of C3 carbon atom See movie in [26]), while the COO− orientation relative to
the initial C1′ =C4 double bond is essentially fixed on the way to the conical intersection.
Almost the entire dipole reorientation thus happens in the electronic ground state, There are
two important consequences of this theoretical prediction:
• First, those molecules (as many as 65%) which return to the initial trans conformation
after excitation will contribute very little to the anisotropy changes of the O=C=O stretch
band, as its orientation hardly changes along the non-reactive path.
• Second, the main reorientation of the IR-chromophore on the reactive path to E will
occur after the crossing of the conical intersection, which takes place about 200 fs after
excitation according to electronic transient absorption data [73].
The quantum chemistry calculations predict the orientation of the electronic transition
dipole for the Z equilibrium structure to lie in the indanylidene plane, forming an angle of 12◦
with the isomerizing C1′ =C4 bond. Assuming that the indanylidene is essentially fixed during
the photoisomerization processes, we thus aligned all structures in the same way, with the C1’
and C4 carbon atoms along the x axis, and carbon atom C9’ in the xz plane. This assumption
is supported by the QM/MM calculations reported before [26]. Also, they show that both
the phenyl ring and the highly solvated COO− and N(Me)+ groups remain substantially fixed
during the entire motion on excited state, meaning that most of the rotation of these group
are done on the ground state, after the crossing of the conical intersection. This observation
is important here, are we expect the anisotropy of the COO− to change mainly after about
200 fs (see chapter 3). The COO− stretch transition dipole orientations for the Z and E isomers
in this molecular coordinate system were then obtained by computing dipole derivatives along
the normal mode coordinate in the electronic ground state. For the CI structure, we simply
compared the orientation of the carboxylic group to that of the Z and E structures.
4.5 Preliminary Results : determination of the relevant
angles
In order to check the reliability of the calculated transition dipole orientations, we determined
the angle between the C=C stretch and the O=C=O asymmetric stretch transition dipole by
polarization dependent 2D-IR spectroscopy . The angles between UV dipole and IR dipole was
previously obtained from UV-pump IR-probe spectra. Both in the E and the Z conformation
the measured angles are significantly smaller than the predicted ones (see table 4.1).
The determination of these angles is a priori sufficient to apply our model, as all angles
needed for the model can be deduced from these results. The simulations presented above
(Fig. 4.4) are qualitatively consistent with the measured angles and the rotation direction
should be possible to determine with anisotropy.
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Figure 4.5: Structure of ZW-NAIP of a) Z isomer, b) at conical intersection and c) E isomer. The isomerizing
C=C double bond points towards the X axis (not seen here)
Structures Z CI(Z) E
Angles in ◦ Exp Th. Exp Th. Exp Th.
µUV , µIR(C=O) 50± 5 ∗ 86.5 66± 5 ∗ 69 78± 5 ∗ 86.5
µUV , µIR(C=C) 17± 2 ∗ 12.5 / / 24±5 ∗ 14.1
µIR(CO), µIR(C=O) 55±5 † 74 / / 55±5 † 81
Table 4.1: Table of angles determined with ∗ UV-IR pump-probe spectroscopy, † 2D-IR spectroscopy
Some measurements of the anisotropy were carried out, but we made the choice to not
present them here, as they were not reproducible and not convincing enough to draw any
conclusions.
There are different reasons that might alter the anisotropy data. First, different background
contributions for parallel and perpendicular probing are affecting the data at short delays, due
to the overlap of pump and probe pulses. Then, slightly different structures of ZW-NAIP
might be present in solution, as the COO− group is free to rotate around the bond that links
it to C2, this would lead to a distribution of transition dipole directions, and our simple model
would not apply in that case. Also, the spectral overlap of the C=O mode with another mode
involving the 6-membered ring that might contribute to the signal is possible. The relatively
low quantum yield is also a limitation to the signal.
This is where we decided to improve the sensitivity of the experiments to the structure, in
order to get a more precise picture of the anisotropy changes in time.
4.6 Conclusion and Outlook
We showed that it is in principle possible to detect unidirectional rotation by following anisotropy
in time. The three curves of Fig.4.4 are in fact distinct, and it is reasonable to think that we
could distinguish between them. We were in fact limited by the reliability of our anisotropy
measurements to really have enough confidence and draw conclusion on the directionality of
rotation of the ZW-NAIP photoswitch.
Although we used racemic mixture of ZW-NAIP, the two enantiomer are in fact expected
to give rise to the same signal. The model presented here depends only on internal angles, and
they will move relatively to each other in the same way for the R or S isomer. Even if the two
are rotating in opposite directions, they will display the same time dependence in function of
the anisotropy.
The ZW-NAIP photoswitch is still a promising system which has the potential to achieve
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unidirectional motion and could be used as a light-fuelled rotor in the nanoscale [92].
Anisotropy can be affected by different artefact such as baseline, kerr effect during pump
and probe pulse overlap, fluctuations of the laser between the acquisition of parallel and perpen-
dicular pump-probe polarizations. This observation motivated the following chapters, where we
show that we can significantly increase the signal to noise of ultrafast spectroscopy experiment
and particularly amplify the anisotropic component of the signal, keeping the possibility to
measure angles with better accuracy.
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Part III
Linear dichroism enhancement
49

Measuring the linear dichroism (LD) in a time resolved experiment can provide a lot of struc-
tural and dynamic information about photoinduced processes [93, 94]. The near-crossed po-
larizer technique has proven to be useful to improve signals and to measure circular dichro-
ism [56, 95] and circular birefringence [96]. It was also applied to the measurement of LD in
time resolved measurements in the nanosecond time scales [97], with impressive improvements
in sensitivity. In their article, Che et al., from the group of Prof. D. Kliger , applied the
near-crossed polarizer technique on Bacterio-Rhodopsin, a protein of the purple membrane of
Halobacterium Halobium. They demonstrate an amplification of more than a hundred in the
visible transient absorption signal 10.5 ms after photoexcitation. This is possible because re-
orientation, which is the principal reason of the decrease of linear dichroism in time, occurs on
a time scale of 100 ms.
The application of this technique in the infrared requires very high quality polarizers that
where not available until recently, no application of this technique to femtosecond pump-probe
spectroscopy was found in literature, even in the visible, where polarizers have typically very
high extinction ratios.
Anisotropy or linear dichroism measured in pump-probe spectroscopy can be calculated
when pump and probe pulses have different polarizations. In a few words, the pump pulse is
polarized and as it interacts with the sample induces dichroism. This dichroism is a consequence
of the fact that the electric field of the light interacts with the molecule through the electric
dipole moment of transition, which has a well defined orientation in the molecular frame.
When the pump light hits the sample, only a subset of molecule with a certain orientation
are excited (with transition dipoles aligned with the pump polarization). Then, the anisotropy
can be translated into an angle between the pumped and probed transition dipoles, and is
in this regard the most direct structural information one can get from pump-probe spectra.
The connection between the anisotropy values and transition dipole angles has been derived
earlier [44,53] and is given in the first part of this thesis.
In the context of this work, we use the properties of LD and manipulate the pump and probe
polarizations to increase the signal to noise ratio of our experiment [29] using the near-crossed
polarizer geometry. The use of polarizers in the probe beam permits to use intense fields at
the sample and to amplify the LD component of the signal. In chapter 5, the equations for the
amplified signals are derived for the particular problem of linear dichroism (LD) enhancement
using nearly crossed polarizers in the probe beam. For this purpose, Mu¨ller matrix calculus is
used, but the details of this computation are found in appendix C. Then, the application of the
method to the amplification of LD and to the calculation of angles between transition dipole
moments is given. The signals are analysed and the influence of unwanted contribution like
birefringence, or non-ideal polarization are taken into account. In chapter 6 we demonstrate
the amplification principle to a photoswitch of the NAIP family introduced earlier. One great
advantage of the technique is that the transition dipole angles can be determined more accu-
rately. Also, we analyse our signal and make use of fast modulation techniques to increase the
sensitivity and shorten the measurement time. We also examine the experimental limitations
of this set-up.
We demonstrate in chapter 7 that the method can be extended to 2D-IR spectroscopy with
very little modifications. With 2D-IR spectroscopy, we study the structures and conformational
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changes of molecules with the additional information of coupling between normal modes of
vibration. We perform 2D-IR spectroscopy in the pump-probe geometry in the time domain,
which has become one of the easiest way to implement 2D-IR spectroscopy [38–40]. The
purpose of 2D-IR is to build two dimensional maps of the spectra consisting of a pump and a
probe axis, which means we resolve the pump axis in frequency. This allows us to disentangle
features in the spectra that are not accessible with 1D transient spectroscopy. The diagonal
and cross peaks are better separated and use of polarization allows one to manipulate their
relative intensities. The determination of coupling between normal modes of vibration as well
as the relative orientation between their transition dipole moment makes 2D-IR spectroscopy a
sensitive tool for the determination of structures [37,42,43,45,98,99]. The same advantages as
in UV-pump IR-probe spectroscopy are demonstrated for the 2D signals. Other advantages like
peak elimination or scattering suppression make this technique attractive for implementation
in 2D spectroscopy.
Additionally, we demonstrate another new implementation of the experimental set-up which
allows us to measure dispersive 2D-IR spectra instead of absorptive. Lastly, we show that we
can easily deduce the rephasing and non-rephasing spectra that were not obtainable before with
this set-up.
Chapter 5
Linear dichroism enhancement with
the near-crossed polarizer technique
5.1 Introduction
In this thesis, we built a set-up that enhances S/N in UV-pump IR-probe spectroscopy and
2D-IR spectroscopy in the pump-probe geometry. This is done by placing the sample between
nearly crossed polarizers, which allows one to have an intense field on the sample, but a weak
field on the detector (see 1.10). We will see that this amplifies the anisotropic component of
the molecular response. The mathematics needed to understand the signal measured with this
set-up are described here. The advantages and limitations of this geometry are then discussed.
5.2 Linear dichroism and anisotropy
Linear dichroism (LD) and anisotropy are essentially two metrics of the same quantity. LD is
usually defined as [50] :
LD =
∆A‖ −∆A⊥
2
ln(10) (5.1)
while anisotropy is defined by the ratio:
a =
∆A‖ −∆A⊥
∆A‖ + 2∆A⊥
(5.2)
with ∆A‖ and ∆A⊥ being the transient absorption changes measured for parallel and per-
pendicular polarization of pump and probe pulses, respectively:
∆A‖ = log10
(
Ipumpon‖
Ipumpoff
)
, ∆A⊥ = log10
(
Ipumpon⊥
Ipumpoff
)
(5.3)
Where the I’s are the intensities measured on the detector. In each of these equations, we
are mostly interested in the orientational dependence of the absorbance or the intensities.
The intensities in Eq. 5.3 are proportional to the orientational pre-factor:
Ipumpon‖ ∝ 〈XXXX〉 (5.4)
Ipumpon⊥ ∝ 〈XXY Y 〉 (5.5)
Ipumpoff ∝ 〈XX〉 (5.6)
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where Ipumpoff is the intensity of the probe without previous excitation by the pump pulse,
which is affected only by the linear absorption.
5.3 The near-crossed polarizer technique
In Fig.5.1 is depicted the experimental scheme we use for linear dichroism enhancement mea-
surements. A first polarizer in the probe beam is set to a small angle β relative to the X axis,
it passes the sample which is photoexcited with a pump pulse set at ±45◦ relative to the X
axis. Then a second polarizer is set along Y.
Pump 
(±45°)
Probe
to spectrometer
LP1
X+β
LP2
  Y
Sample
t2
λ/2
Chopper x
y
z
Figure 5.1: Set-up for LD enhancement. The intense probe at the sample is attenuated with polarizer LP2 to
generate a weak heterodyning field. Pump pulses are set alternatively to + or - 45◦ with a half-wave plate λ/2.
When pump is off, the intensity I0 of detected light is:
I0 ∝ 〈Y (X cos(β) + Y sin β)〉 (5.7)
I0 ∝ 〈Y Y 〉 sin(β) (5.8)
as the tensor 〈XY 〉 vanishes (Appendix B).
A chopper synchronized with the laser alternatively blocks on pump pulse over two. When
pump is on, with a polarization of ±45 ◦, the detected intensity becomes:
Ipumpon± ∝ 〈Y (X cos(β) + Y sin β)
1
2
(X ± Y ))〉 (5.9)
∝ (〈Y Y Y Y 〉+ 〈Y Y XX〉) sin(β)± (〈Y XY X〉+ 〈Y XXY 〉) cos(β) (5.10)
which with the relation (Eq. 1.22) gives:
〈XYXY 〉+ 〈Y XXY 〉 = 〈Y Y Y Y 〉 − 〈Y Y XX〉 (5.11)
and finally, the absorption change, which is the ratio of the intensity measured with the
pump and the intensity measured without pump :
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∆A± ∝
〈Y (X cos β + Y sin β)1
2
(X ± Y )2〉
〈Y (X cos β + Y sin β)〉
∝ (〈Y Y Y Y 〉+ 〈Y Y XX〉) (5.12)
±(〈Y XY X〉+ 〈Y XXY 〉) cot β
∝ (〈Y Y Y Y 〉+ 〈Y Y XX〉)
±(〈Y Y Y Y 〉︸ ︷︷ ︸
∝∆A‖
−〈Y Y XX〉︸ ︷︷ ︸
∝∆A⊥
) cot β
which we can re-write:
∆A± =
1
2
(∆A‖ + ∆A⊥) +
1
2
(∆A‖ −∆A⊥) cot(β) (5.13)
or, with A the average absorption between parallel and perpendicular probing:
A =
1
2
(∆A‖ + ∆A⊥) ln(10) (5.14)
and with the definition of the linear dichroism from Eq. 5.1, we finally obtain the expression
of the absorption:
∆A± =
1
ln(10)
(
A± LD cot β) (5.15)
This is an important equation that shows that with the set-up of Fig.5.1 we can amplify
the linear dichroism by decreasing β.
The important advantage of this configuration is that the polarizer LP2 in Fig. 5.1 acts as
an intensity filter for the LO, so that the heterodyning field can be attenuated relative to the
probe field. It means that the signal amplitude is now not limited by the dynamic range of
our detector, but by the intensity of the probe field. However, we will see in the paragraph
5.5, that the extinction ratio of the polarizers and the amplitude of the dichroism have also an
importance and can limit the amplification.
The difference between the two transient absorptions measured at ±β is also useful. The
signal s calculated this way leads to:
s = ∆A+ −∆A−
=
2
ln(10)
LD cot β (5.16)
The signal here depends only on the LD and the amplification. The isotropic contribution
are completely suppressed from s. Background or temperature signals are usually isotropic and
are then suppressed by this subtraction. We will see also that when applied to pump-probe
spectroscopy in the UV, we can calculate s without the need to measure the individual ∆A±,
but only the intensities Ipumpon± , without the need of measuring a reference. (we can then remove
the chopper in Fig. 5.1).
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According to Malus’law, the intensity of perfectly linearly polarized light going through a
perfect polarizer is:
I = I0 cos
2 β (5.17)
with β the angle between the light polarization axis and the polarizer axis. This relation
can be extended for the fields with I = E2. In our set-up, the field before the second polarizer
is Eprobe while the field after it is ELO. We get:
ELO = Eprobe cos β (5.18)
so that for the same intensity E2LO on the detector, the signal is amplified by cot β. The
table below shows how the amplification cot β and the relative intensity between Eprobe and
ELO scale with decreasing β:
β(◦) 45 20 10 7 5 3 2
cot β 1 2.7 5.7 8.1 11.4 19.1 28.6
1/cos β 1.4 2.9 5.8 8.2 11.4 19.1 28.6
5.4 Angle determination
The dependence of the different signals on the angle ω between the transition dipoles interacting
with pump and probe beam are now readily found from well known expressions for orientational
averages [44](see table 1.1):
∆A‖ + ∆A⊥ ∝ 2P2[cos(ω)] + 10
45
(5.19)
∆A‖ −∆A⊥ ∝ 2P2[cos(ω)]
15
where the same proportionality constant applies in both lines, and where P2 is the second
order Legendre polynomial (P2(cos(2ω)) =
1
2
(3 cos2(2ω)− 1)).
From 5.20, we can see that LD is related to the intramolecular angle ω by the relation:
LD = A(ω)
1 + 3 cos(2ω)
7 + 2 cos(2ω)
(5.20)
We define |β0| as the probe polarization angle at which one of the two signals (∆A‖ or ∆A⊥)
can be eliminated (Fig. 5.2):
tan β0 =
∆A‖ −∆A⊥
∆A‖ + ∆A⊥
=
1 + 3 cos(2ω)
7 + cos(2ω)
(5.21)
Combining with Eq. 5.15, we can connect the amplified signals with the internal angle ω
through the knowledge of β0 :
∆A± =
A
ln(10)
(
1± tan β0
tan β
)
(5.22)
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Figure 5.2: Polarizer angle β0 for peak elimination in the 2D-spectra as a function of the intramolecular angle
ω between excited and probed transition dipoles. Peaks with positive anisotropy are eliminated in the ∆A−
signal, those with negative anisotropy in the ∆A+ signal. When the pump polarization is fixed at +45
◦ and β
is varied instead of distinguishing between ∆A±, the dashed line is obtained.
Now we will see that with the amplified signals ∆A+ and ∆A−, we can determine β0 and
ω with a better accuracy.
Angle accuracy
The usual method to determine angles between transition dipole moments is to compare the
absorption with parallel and perpendicular probing, at short delay time between pump and
probe, to avoid the reorientation effect due to rotational diffusion1. The anisotropy calculated
with the formulae 5.2 leads directly to ω as:
cos2 ω =
1
3
(5α + 1). (5.23)
so that an anisotropy of α = 0.4 corresponds to an angle ω = 0; α = 0 to the magic angle
ω = 54.7◦ and α = −0.2 is associated to a perpendicular angle ω = 90◦.
For better comparison with the polarization-enhanced measurements we introduce a slightly
different ’anisotropy’ metric α′:
α′ =
∆A‖ −∆A⊥
∆A‖ + ∆A⊥
=
3α
2 + α
(5.24)
The angle between transition dipoles is now given by:
cos2 ω =
3α′ + 1
3− α′ . (5.25)
and this metric can be generalized to
1This delay as to be short relative to the rotational diffusion constant
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α′′ =
∆A+ −∆A−
∆A+ + ∆A−
= α′ cot |β| (5.26)
with the special case ∆A− = ∆A⊥ and ∆A+ = ∆A‖ when β = 45◦. Since the difference
between ∆A+ and ∆A− can be made larger by a factor cot β with respect to conventional
measurements without increasing noise, α′′ and thus α′ and ω can in principle be determined
with much better accuracy for small polarizer angles β. This requires, however, that β must
be set and known precisely.
Advantages and limitations of intramolecular angle determination in polarization enhanced
measurements are best illustrated with the help of a graphical evaluation: according to equa-
tion 5.15, the signals ∆A± recorded with different polarizer angles all lie on the same straight
line when plotted against cot β. In order to symmetrize the problem we use positive and neg-
ative values of β instead of distinguishing between ∆A− (β < 0) and ∆A+ (β > 0). The
conventional signals ∆A⊥ and ∆A‖ then correspond to cot β = −1 and cot β = +1, respec-
tively. The smaller |β| the further the signals ∆A± lie apart, and the more accurately we can
determine the intercept of the line connecting them with the horizontal axis (see Fig. 5.3b).
This intersection defines the angle β0 at which either the ∆A+ or the ∆A− signal vanishes.
With α′ = − 1
cotβ0
determined graphically, we can calculate the intramolecular angle using :
cos2 ω =
1− 3 tan β0
3 + tan β0
, (5.27)
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Figure 5.3: Graphical illustration of the determination of intramolecular angle, assuming ω = 50◦, 20% noise
and a ±0.2◦ uncertainty of β. The lines joining the signals ∆A± cross the horizontal axis at cotβ0 ≤ −2 for
positive anisotropy and cotβ0 ≥ 3 for negative anisotropy. Inset: possible values of ω determined for β.
There are two sources of error in the determination of β0: one is the noise on the measured
signals ∆A±, represented by vertical error bars, the second is the accuracy in setting the
pump and probe polarization angles, which gives rise to horizontal error bars in Fig. 5.3. The
vertical error bars are approximately constant at all angles β, and therefore become less and
less important as the signals are enhanced and move further apart in the plot. For a very small
5.5. LIMITATIONS AND MU¨LLER MATRICES ANALYSIS 59
polarizer angle, however, the uncertainty in cot β is so large that the line joining the signals
becomes again ill-defined. With the parameters used in Fig. 5.3b, the intramolecular angle ω
can hardly be defined from the conventional measurements (β = 45◦). For β = 10◦ boundaries
can be found (blue dashed lines), which are still limited by the vertical error bars, i. e. the noise
of the signals. For β = 3◦, on the other hand, the uncertainty of β is determining the range
of possible values of cot β0 (red dashed lines). Measurements at smaller polarizer angles with
even larger horizontal error bars will not lead to further improvement. For nearly parallel or
perpendicular transition dipoles the line joining the signals is much steeper and the horizontal
uncertainty becomes dominant already for much smaller values of cot β. The best choice of
β for intramolecular angle determination thus strongly depends on the specific experimental
conditions (noise, waveplate quality and alignment) as well as the transitions investigated. The
largest improvement over conventional measurements can be expected for relative transition
dipole orientations near magic angle, i. e. when the signals with parallel and perpendicular
pump and probe polarizations are almost identical.
5.5 Limitations and Mu¨ller matrices analysis
The expressions derived above are idealised and if we want to have a realistic vision of the
experiment’s output, we need to consider the effects of imperfect polarizers, as well as the
influence of pump-induced linear birefringence. This will lead to expressions which are slightly
different from above, and the signal’s dependence over β will become different.
The equation for the LD amplification (Eq. 5.15) can also be derived using Mu¨ller matrices,
and this will help to analyse our set-up. At each optical element is associated a 4×4 matrix
and the polarization of the light is described with the Stokes vector (see Appendix C). The
advantage of Mu¨ller matrices description is that we can take easily into account the imperfection
of polarizers in the equation, as well as other optical phenomena like linear birefringence.
5.5.1 Set-up characterisation with Mu¨ller matrices: ideal signal
The full matrix for the set-up of Fig. 5.1 is given by:
M± = MLP (
pi
2
).M±sample.MLP (β) (5.28)
where MLP (θ) is the matrix for a linear polarizer at an angle θ, and M
±
sample is the sample
matrix, equivalent in our case to the matrix for linear dichroism at 45◦. The ± signs indicates
that we have two possibilities of measurement with the pump beam polarized at ±45◦.
The intensity measured on the detector is given by the scalar product of the first row of M
with the Stokes vector (
−→
V in)of the incoming light:
I± =
(
M±.
−→
V in
)
1
(5.29)
With the matrices described in Appendix C, in the limit of perfect polarizers and to a linear
order of A and LD we get:
Ipumpon±
Ipumpoff±
= 1− A∓ LD cot β (5.30)
or after taking the decadic logarithm:
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∆A± =
1
ln(10
(A± LD cot β) (5.31)
=
1
2
((∆A‖ + ∆A⊥)± (∆A‖ −∆A⊥) cot β) (5.32)
Which is the same as Eq. 5.15 derived earlier.
5.5.2 Set-up characterisation with Mu¨ller matrices: realistic signal
When using matrices of non-perfect polarizer, with extinction ratio r, and taking into account
the effect of linear birefringence in the sample, we get the general equation for s (see Eq. 5.16):
s =
(1− r2) sin(2β) sinh(LD)
(1 + r)2 cosh(LD)− (1− r)2 cos(2β) cos(LB) (5.33)
In the next sections, we analyse the consequence of the expression 5.33 to understand the
influences of r, LB and large LD on the measured signal.
5.5.3 Limitations due to polarizer extinction ratio
The polarizer extinction ratio can be a limitation when β is getting small. Using the matrix
for non perfect polarizers, and assuming no LB and a small LD, we get to the expression of the
signal below:
s ≈ LD
β + (2r/β)
(5.34)
so that the signal as a limit when β ≈ √2r, corresponding to an enhanced LD signal
smax ≈ LD/2
√
2r.In Fig. 5.4), we can see the calculated signal for different polarizer extinction
ratio, .
r 10−2 10−3 10−4 10−5
βmax(
◦) 8.1 2.6 0.8 0.26
Amplification 7.2 22.3 70.7 223.6
In the visible, polarizers with extinction ratio smaller than 10−5 are usual, while in infrared,
polarizers with such extinction are rare and expensive. Standard wire-grid polarizers have a
extinction ratio of the order of 10−2, while Brewster angle polarizers [51] made of germanium
can have extinction ratio lower than 10−6, but these are bulky, expensive and have a low
transmission of the desired polarization. Here, we will use free standing wire-grid polarizers
with an extinction ratio better than 10−4, described in the experimental chapter.
5.5.4 Limitations due to LD amplitude
When the polarizers are sufficiently good, the possible signal enhancement may depend on the
size of the LD itself, as can be seen by evaluating Eq. 5.33. For example, a (unamplified) LD
of 10−2 could be magnified at most by a factor of approximately 200 (β = 0.2◦) and the signal
would change linearly with cot β only up to about 0.5◦ (see Fig. 5.5). This may distort spectra,
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Figure 5.4: Plot of the expected absorption, with LD=1 mOD for different extinction ratio of the polarizers.
In this case, LD is not the limiting factor for amplification (see next section).
in particular in electronic spectroscopy, but will rarely be the limiting factor in the mid-IR,
where transient absorption changes are typically much smaller.
In this case also, the relative contribution of Linear Birefringence (LB) with respect to the
isotropic (not amplified) signals in the ∆A+β and ∆A−β spectra grows.
5.5.5 Linear Birefringence
The linear birefringence is also a possible artefact we have to take into account [96]. Linear
birefringence (now LB) is related to the pump-induced change of index of refraction which is
indissociable from a change in absorption, and LB and absorption changes are related through
the Kramers-Kronig relation. LB is defined as follows [50]:
LB = 2pi
L
λ
(∆n‖ −∆n⊥) (5.35)
with ∆n‖ and ∆n⊥ the refractive index change induced, L the pathlength and λ the wave-
length. The effects of LB can be included in the matrix describing the sample (See appendix C),
and it gives, to the lowest order of LB and LD:
∆A± ≈ 1
ln(10)
[
A± LD cot β
(
1− cot
2(β − 1)
4
LB2
)]
(5.36)
which means LB has an effect <1% as long as β>5LB.
The contributions from LB are anyway totally suppressed when we take the difference between
∆A+ and ∆A−.
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Figure 5.5: Dotted : Plot of the real signal for different LD assuming perfect polarizers. Plain : the theoretical
linear amplification in cotβ
5.5.6 Mystic angle measurements
For delays delays between pump and probe pulse when the rotational diffusion effect can not
be neglected, the anisotropy decays due to the isotropic reorientation of the transition dipoles.
The dependence on pump-probe delay t for molecules that behave like spherical diffusors is
readily obtained by multiplying the second order Legendre polynomial P2 by e
−6Dt, where D is
the diffusion constant [44].
In the same way magic angle measurements allow to get rid of the rotational diffusion in
a usual pump-probe measurement, it is possible to define an angle βM called mystic angle [52]
and corresponding to the isotropic signal with our set-up. Combining Eq. 5.15 and Eq. 5.20,
we arrive at :
tan(βM) =
1
3
βM ≈ 18.43◦ (5.37)
5.5.7 Including a small angle between pump and probe beams
It is possible to evaluate the signals when pump and probe beams intersect at the sample at
an angle δ and therefore have different planes of polarization [53]. The pump will have a small
projection of its polarization in the Z directions, and with the substitutions :
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Xpump = Xprobe (5.38)
Ypump = Yprobe cos(δ)− Zprobe sin(δ)
Zpump = Yprobe sin(δ) + Zprobe cos(δ)
the pump-induced absorption changes become:
∆A± ∝
〈Y (X cos β + Y sin β)1
2
(X + [Y cos δ − Z sin δ])2〉
〈Y (X cos β + Y sin β)〉
∝ (〈Y Y Y Y 〉 cos2 δ + 〈Y Y XX〉+ 〈Y Y ZZ〉 sin2 δ)
± cot β (〈Y XY X〉+ 〈Y XXY 〉) cos δ (5.39)
∝ (∆A‖ cos2(δ) + ∆A⊥(1 + sin2(δ)))
± cot(β) (∆A‖ −∆A⊥) cos(δ).
So that δ lowers the signal of cos(δ). This angle is evaluated to be around 5◦ in our
experiment, which corresponds to an attenuation of approximately 0.5% on the signal.
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Figure 5.6: a) Estimated error on angle ω in function of ω considering an angle δ = 5◦ b) zoom for angles ω
near 90◦.
To take into account the effect of δ on the determination of ω, we plotted in Fig. 5.6 the
error made on ω considering an angle δ = 5◦. We can see that the inaccuracy is small (< 0.2◦)
in most of the curve. Only for ω near 90◦, there is an underestimation which is not negligible
and on the order of 2◦. This effect scales with δ.
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Chapter 6
Linear dichroism enhancement in
UV-pump IR-probe spectroscopy
In this chapter, we demonstrate strong amplification of polarization-sensitive transient IR-
signals using the crossed polarizer technique first proposed by Keston et al. [100] and applied
for nanosecond flash photolysis in the visible by Che et al. [97]. The equations explaining
the amplification processes are derived in chapter 5. We adapted the technique to ultrafast
pulsed laser spectroscopy in the infrared using photoelastic modulators, which allow us to
measure amplified linear dichroism at kilohertz repetition rates. The method was applied to
a photoswitch of the N-alkylated Schiff base family (see Fig. 6.3) in order to demonstrate
its potential of strongly enhancing sensitivity and signal to noise in ultrafast transient IR
experiments, to simplify spectra and to determine intramolecular transition dipole orientations.
The basic principle of the method is illustrated in Fig. 6.1.
Transient absorption signals ∆A‖ and ∆A⊥ can be measured by changing the probe light
polarization (red, Fig. 6.1) from parallel to perpendicular with respect to the pump-pulse po-
larization (blue, Fig. 6.1). In order to calculate each of the two transient signals ∆A‖ and
∆A⊥, the light intensity I‖ or I⊥ measured by the detector in the presence of the pump-pulse is
divided by the intensity with the pump-pulse blocked. Because of this normalization, the same
transient absorption and linear dichroism signals are obtained when parallel and perpendicular
polarized pulses are attenuated behind the sample by the same amount, for example by in-
serting a horizontally oriented polarizer at 45◦ with respect to the pump-polarization direction
(see Fig. 6.1b). Che et al. [97] showed that the LD signal can be significantly enhanced, when
the angle between the two probe polarizations is now reduced from 90◦ to a small angle 2β as
indicated in Fig. 6.1c. Explicitly, they showed that :
s =
I+β − I−β
I+β + I−β
≈ LD
tan β
. (6.1)
Linear dichroism measurements in picosecond time-resolved electronic spectroscopy were
originally carried out with exactly crossed polarizers (β=0) [94, 96], in which case the pump-
induced transmission of the probe light depends quadratically on LD, but also on linear birefrin-
gence(LB). When one of the two polarizers is slightly tilted, a small fraction of the probe light
leaks to the detector and can selectively heterodyne the additional field due to pump-induced
linear dichroism [52]. If we use this language, the signal of Eq. 6.1 is the difference of two
measurements with opposite phases of the heterodyning field, a common technique in modern
time-resolved IR spectroscopy.
Here, we show how to reliably use this principle in ultrafast pump-probe experiments in the
mid-IR. The formalism we derived earlier in chapter 5 can be used to describe the transient
absorption signals for individual angles β (In [97], Che et al. used only the difference between
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Figure 6.1: Polarizations of pump (blue) and probe (red) beams in conventional LD and anisotropy measure-
ments (a). The same LD and anisotropy signals can be measured when the horizontal projections of the probe
beam is singled out by a polarizer (dotted line) behind the sample (b). They are enhanced when the angle β
between the vertical axis and the probe polarizations is made smaller(c). Alternatively, the probe polarization
can be fixed at an angle β, and the pump polarization can be varied between ±45◦ (d).
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intensities measured at ±β). We found that :
∆A± =
1
ln(10)
(
A± LD cot β) (6.2)
and :
s = ∆A+ −∆A−
=
2
ln(10)
LD cot β (6.3)
In contrast to earlier implementations of the technique in electronic spectroscopy, which in-
volved separate measurements for each probe polarization, we use fast polarization modulation
in order to continuously switch between angles ±β with the help of a photoelastic modulator
(PEM, see section 2.4.3), and we explore different experimental arrangements. The advan-
tages of using a PEM to modulate polarization of ultrashort mid-IR laser pulses have been
demonstrated earlier in our group in the context of transient vibrational circular dichroism
spectroscopy [56]. Here it allows us to change the linear polarization state of the probe or
pump beam at the kHz repetition rate of our set-up and to measure within two successive shots
the amplified LD signal. We demonstrate that we can amplify the LD signal by more than
one order of magnitude without increasing noise. Furthermore we discuss the possibility to
separate overlapping vibrational bands with different anisotropy by recording transient spectra
at different polarizer angles . The method also allows us to record highly amplified transient
absorption data on timescales shorter than the rotational diffusion time. Angles between tran-
sition dipoles can also be measured with a better accuracy. This makes the crossed polarizer
method particularly well-suited for ultrafast vibrational spectroscopy where tiny signals are
very common.
6.1 Experimental
The experimental configuration used is the one described in section 2.4.1. The probe light
polarization in the spectrometer was set perpendicular to the lines of the grating, to ensure a
better transmission. In this regard, the spectrometer acts as an additional but low extinction
ratio polarizer(r>0.5) and its effect on the signals was neglected.
Three equivalent experimental arrangements of polarizers and PEM are shown in Fig 6.2.
Arrangement 6.2a is a direct adaptation of the method used in ref. [97] and corresponds exactly
to the polarization scheme of Fig. 6.1c. The UV-pump pulse with linear polarization at 45◦
with respect to the laboratory x-axis, given by the optical axis of the PEM, excites the sample.
It is followed by a mid-IR probe pulse, whose polarization is initially set at an angle β by the
first polarizer LP1. For every second laser pulse the PEM acts as a λ/2 plate and rotates the
plane of polarization to −β. When the sample is isotropic, identical small projections of these
probe pulses are transmitted by the second linear polarizer LP2 that is oriented perpendicular
to the PEM axis. In practice, it is however of advantage to use the arrangement shown in
Fig 6.2b, where the order of optical elements in the probe beam is reversed.
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Figure 6.2: Three equivalent experimental arrangements for the recording of the enhanced transient linear
dichroism signals using photo elastic modulators (PEM). a) Probe beam polarization modulation before the
sample, b) Probe beam polarization modulation behind the sample, c) Pump-beam polarization modulation.
The axis orientation of linear polarizers LP1 and LP2 is indicated below the polarizers, the values in parenthesis
correspond to equivalent alternative of orientations. The angle δ between pump and probe beams can be taken
into account in the response (see section 5.5.7)
This leads to identical transient absorption signals and linear dichroism enhancement.
Method b) facilitates the alignment of LP1 (the polarizer is rotated until the probe pulse
polarization coincides exactly with the optical axis of the PEM, i.e. the transmitted intensities
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for all modulator states in the absence of the pump beam are equal). It also allows us to place
the PEM very close to the focal spot of the probe beam (immediately behind the sample),
which strongly reduces artefacts arising from lensing effects.
As a third alternative we have also used a PEM for UV and visible light to modulate
the pump pulse polarization between ±45◦, keeping the probe-polarization fixed as shown in
Fig. 6.2c. This further reduces noise and simplifies the alignment of the probe beam.
6.2 Sample
The sample we used for demonstrating the method is a photoswitch of the N-alkylated Schiff
base family [27,76] [4-(6-Methoxy-2,2-dimethyl-3,4-dihydro-2H-naphthalen-1-ylidene)-1,5 dimethyl-
3,4-dihydro-2H-pyrrolium see Fig. 6.3]. The details of its synthesis can be found in the sup-
plementary information of [29]. These photoswitches isomerize from cis (Z) to trans (E) after
excitation in the near UV, and isomerizes back to trans in a few seconds at room temperature.
Isomerization is ultrafast (return to the ground state in less than 1 ps), efficient (≥ 20%) and
the switches are robust under illumination [101].
N
+
O
N
+
O
∆T, 30 sec
Z Ehν, 250 fs
Figure 6.3: The cis and trans form of the MeO-NAIP photoswitch.
We choose this N-alkylated Schiff base switch because the E isomers generated by the pump
pulse relax within a few seconds back to Z at room temperature, as he ground state barrier is
only 22. 4 (+/-2 ) kcal. mol−1. We could therefore use this molecule dissolved in deuterated
methanol in a flow cell over long time-periods without a change in the composition of the sample
(nearly 100% Z).
The FTIR spectrum shows two main bands in the spectral range between 1500 cm−1 and
1700 cm−1. The first one centred at 1566 cm−1 is related to a mode involving mainly stretching
of the isomerizing C=C bond, and the second one around 1604 cm−1 involves ring modes on the
benzene ring (from normal mode calculations on the B3LYP level, Gaussian program suite [75]).
The shoulders near 1550 cm−1 and 1620 cm−1 could not be uniquely assigned but are probably
related to delocalized modes involving CH3 bending.
6.3 Results
In Fig. 6.4b we present transient absorption spectra ∆A‖ and ∆A⊥ from a conventional (no
polarizer in probe beam) measurement with parallel and perpendicular pump and probe pulses
at a delay of 500 fs. At this delay artefacts due to pulse overlap or a Kerr effect can be excluded.
A fraction of the molecules has already decayed back to the (hot)electronic ground state, but
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Figure 6.4: a) FTIR spectrum of the Z-isomer of the N-alkylated Schiff base photoswitch. b) Transient
absorption changes 500fs after excitation at 400 nm for parallel and perpendicular pump and probe polarizations.
c) Anisotropy calculated from the two spectra in b).
the bleach of the Z-isomer vibrational bands is almost identical to that seen at earlier delays.
Part c) of the same figure shows the corresponding anisotropies (using Eq. 5.2). From these we
can calculate the angles between the electronic transition dipole and the IR transition dipole
of the individual modes, which are summarized in Table 6.1.
Mode C=C ESA Ring mode
Frequency 1566 cm−1 1585 cm−1 1604 cm−1
Anisotropy 0. 35-0. 4 -0. 05-0. 05 0. 06-0. 16
Angles 0◦-15◦ 50◦-60◦ 39◦-49◦
|β0| 23◦-25◦ 6◦-9◦ 11.5◦-12.5◦
Angles 14◦-19◦ 44◦-48◦ 36◦-40◦
Table 6.1: Experimental anisotropies, polarizer angles |β0|, and corresponding intramolecular angles ω between
the electronic transition dipole moment and the vibrational transition dipole moments.
The vibrational transition dipole of the C=C stretch mode is nearly parallel to the electronic
transition dipole, as expected for a charge translocation across the isomerizing C=C bond [27].
The benzene ring mode has a much smaller anisotropy, yielding an angle around 39-49◦. The
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positive signal around 1585 cm−1 is due to ring modes of molecules in the S1 excited state as well
as molecules which have already returned to the hot ground state in either the original Z or the
E configuration. The anisotropy of this signal appears to be approximately zero corresponding
to an angle near 55◦. The anisotropy is increasing between 1590 cm−1 and 1620 cm−1 due to the
overlap between this signal and ground state bleaching of the ring mode at 1604 cm−1. Indeed,
when 2 bands with different anisotropies overlap, the anisotropy in the overlapping region is
varying between the anisotropy values of the 2 bands.
In Fig. 6.5a and b we show the transient signals ∆A± (defined in section 5) at the same
pump-probe delay, recorded with the set-up of Fig. 6.2b for four different analyzer angles
between 3◦ and 45◦. The pump polarization was fixed and pairs of spectra for±β were measured
quasi simultaneously with fast modulation of the probe polarization. The signals for β = ±45◦
(blue) are very similar to the ones in Fig. 6.4, obtained with the standard method without
polarizers. For smaller analyzer angles, on the other hand, there are significant deviations,
due to a different amplification of the different bands as discussed below. In particular, the
signal ∆A+ in Fig. 6.5a changes sign, and the higher frequency bands are almost completely
eliminated near β = 10◦ (red). For all angles except 3◦, the light intensities on the detector were
kept similar by removing filters from the probe beam. For 3◦, however, it was approximately
two times smaller, leading to a similar signal to noise ratio as for β = 5◦. Fig. 6.5c shows the
normalized LD signals, given by the difference of the spectra shown in parts a) and b). As
predicted by Eq. 6.3 they are identical up to a scaling factor cot β.
When only the enhanced LD signal s is needed, it can be measured with even higher sensi-
tivity when the chopper is removed from the pump beam and Eq. 6.1 is evaluated directly from
consecutive measurements with alternating pump or probe polarizations. This is illustrated in
Fig. 6.6, where we show data obtained with the set-up of Fig. 6.2c, i. e. by modulating the
pump-pulse polarization between ±45◦ with a fixed horizontal orientation of analyzer LP2 and
an incident probe polarization angle β. For simplicity we still label the corresponding intensi-
ties I±β as defined in Fig. 6.1d. Sample and pump-probe delay are the same as in Figs. 6.4 and
6.5, but the UV-pump beam was approximately 20 times weaker, in order to minimize satura-
tion effects and reduce the (unamplified) LD close to our noise limit. Without the additional
attenuation by the PEM in the mid-IR probe beam, smaller angles β between polarizers are
possible before the light level at the detector becomes limiting.
The plot of the normalized signal to noise ratio at the peak of the main bleach signal
near 1566 cm−1 in Fig. 6.6b shows that the data quality could now be improved up to signal
amplification factors close to 15 (β = 3◦).
6.3.1 Background suppression
To illustrate the ability of our set-up to suppress isotropic background, we show in Fig. 6.7b) the
pump-probe spectra of the CN stretch bound to myoglobin in heavy water, previously recorded
in our laboratory [102]. The spectra are affected by a strong time dependent background, which
perturbs the analysis of the signals. This isotropic background is attributed to a temperature
rise in the solvent, due to the energy transfer from the solute to the surrounding solvent
molecule.
In Fig. 6.7a), we show the spectra obtained using our set-up with fast modulation of the
pump polarization (set-up 6.2c)). The background contribution are suppressed by our methods,
which facilitate the interpretation of the spectra and leads to better dynamics.
6.4 Discussion
6.4.1 Information Content
When ∆A± is measured at different relative polarizer orientations, the intramolecular angle ω
can thus be determined from the angle at which the signal vanishes, which is independent of
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Figure 6.6: a) Enhanced LD signal s recorded by fast modulation of the UV-pump pulse polarization (setup
Fig. 6.6c), 500 fs after 400 nm excitation. b) Enhancement of the signal (squares) and signal to noise ratio S/N
(circles) as a function of polarizer orientation β. Both are normalized to 1 at β = 45◦.
the absorbance change. We presented already in 5.4 how to deduce ω from the signals. Fig. 6.8
shows the linear fits (Eq. 5.26) to the peak signals in Fig. 6.5 as a function of cot β; the extracted
angles are compared to the analysis of the conventional anisotropy measurements in Table 6.1.
When the average absorption change A is negative (bleach or stimulated emission) the ∆A+
signal changes sign and grows positive if the angle between transition dipoles is smaller than
magic angle ωmag ≈ 54.7◦; if ω > ωmag, on the other hand, ∆A− changes sign. For a positive
absorption change, it is the other way round. Consequently, signals arising from vibrations
with a transition dipole moment at magic angle with respect to the electronic transition dipole
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Figure 6.7: Pump-probe spectra of the CN stretch in myoglobin using a) set-up 6.2c) and b) old pump-probe
set-up.
moment are not enhanced when β is reduced. This is also the case for isotropic background
signals, for example due to pump-induced temperature changes in the solvent.
Angles can this way be determined more accurately than with the conventional anisotropy
measurements, as discussed in section 5.4. It is interesting to notice that we can now determine
angles even with samples which exhibit very low absorbance. By scanning β is also possible to
gain accuracy, in a way similar to Lee et al. [48] in 2D IR spectroscopy 1.
Furthermore, for a suitable choice of β = β0, specific absorption bands can be eliminated
from the transient spectra ∆A+ or ∆A−, yielding a clearer view of neighbouring spectral fea-
tures or resolving overlapping bands with different anisotropies. This can of course also be
achieved by a weighted subtraction of spectra recorded for parallel and perpendicular polariza-
tion in conventional anisotropy measurements. With the crossed polarizer techniques, however,
band elimination is possible in a single measurement, thereby significantly reducing uncertain-
ties due to noise and background. Also note that fast polarization modulation is not necessary
in this case.
To our opinion, however, the most useful signal for ultrafast vibrational spectroscopy is
the enhanced linear dichroism signal s itself, which carries most of the information of regular
pump-probe data, but can be measured with more than one order of magnitude better signal
to noise (or a hundred times faster). While this signal decays to zero with rotational diffusion,
many of the interesting processes addressed by ultrafast spectroscopy like photoisomerization,
1Note that in our discussion in ref [29] we neglected the symmetry of the problem. Considering ∆A± signals
separately, we wrongly stated that measurements with only little amplification were always necessary in order
to reliably determine β0. We therefore concluded that our approach constituted only a modest improvement
when compared to conventional anisotropy method of comparing parallel and perpendicular probing. This is
actually not true and this method can be in fact much more precise for the determination of angles, especially
when signal to noise is small or near magic angle, where the usual anisotropy measurements fail because of the
term A‖ −A⊥.
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Figure 6.8: β-dependence of the transient absorption signals ∆A±, shown in Fig. 6.5 for the bleach signals
around a) 1604 cm−1 and b) 1566 nm−1 for the bleach. The value of β0 from the different linear lines connecting
two points with opposite amplification are used to determine ω in table 6.1. The data with more amplification
(β=3◦) are affected by a too important uncertainty on β and are not shown here.
bond-breaking and intramolecular energy transport take place on a much faster timescale and
can be fully captured by the enhanced LD signal. Even much slower processes can be studied
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in proteins, membranes or other media that slow down the anisotropy decay. The enhanced LD
signal can also be evaluated directly from two consecutive intensity measurements without the
need of a chopper in the pump beam. This doubles the effective number of averages in a given
time interval, and allows us to fully exploit correlations in laser intensity fluctuations. Indeed,
we found that the quality of the LD data recorded without chopper is significantly better than
the equivalent difference of the signals ∆A+ and ∆A−, measured quasi simultaneously with
a chopper repeatedly blocking and transmitting four consecutive pump-pulses, even when the
latter data set is averaged twice as long.
6.4.2 Limitations
We already identified different reason that can limit the amplification of the signals (section 5.5),
which are the intensity of the probe light,the extinction ratio of the polarizers, and the size of
the LD and LB.
The implementation of enhanced LD spectroscopy in the mid-IR has so far probably been
held back by the poor performance of detectors and the need for sufficiently good polarizers.
Detector efficiency is important because the probe light transmitted by the second polarizer
is only a small fraction of the incoming light, decreasing from ideally 50% to 0.3% when β is
reduced from 45◦ to 3◦. In our set-up, despite probe pulse energies close to 2 µJ, even lower
transmission can no longer be compensated by the removal of filters from the probe beam.
Low light intensity at the detector leads to a significant increase in noise and currently limits
the signal enhancement factor we can achieve to approximately 20-40, depending also on the
solvent absorption.
A second limitation in the mid-IR can be the quality of polarizers. Our free-standing wire-
grid polarizers (Infraspecs, PO3 model) have an extinction ratio of 10−4 but suffer from spatial
inhomogeneity, which can lead to artefacts. With home-built polarizers based on Brewster
angle reflection [51] we reach an extinction ratio of ≈10−7 but these are bulky and have a
maximum transmission of only 38%. More common substrate supported wire grid polarizers
with r = 10−2, on the other hand, severely limit the maximum possible signal amplification,
which occurs at an angle between polarizers βmax ≈
√
2r, corresponding to an enhanced LD
signal [97] smax ≈ LD/(2
√
2r) (see section 5.5).
The effect of Linear Birefringence (LB) induced by the pump is not taken into account
in the development of our signal. Indeed, as the pump changes the absorption, it also affect
the refractive index and induces a LB that contributes to the signal. With the analysis with
Jones matrices, we found out that the LB is affecting the spectra taken at +/-45◦, but cancels
out when we subtract these 2 signals (see 5.36). Moreover,in our case (absorbance changes of
about 1 mOD), it has a significant incidence only on signals which are not amplified (i. e. with
anisotropy zero) and for amplification angle of less than 2 degrees.
Here, the LD size (≈10−3) is too small to see the saturation effect discussed in section 5.5.4.
The amplified LD signals can not distinguish between population relaxation and reorienta-
tion dynamics (when magic angle measurements and anisotropy do). However, when population
dynamics and reorientation dynamics occur on different timescales, the ability to amplify sig-
nals for example long after vibrational cooling processes could be taken as an advantage to
measure the reorientation constant with better accuracy on small signals.
6.4.3 Fast polarization modulation
The measurements presented here do not necessarily require the fast switching of pump or probe
polarization states by a PEM and can be realized with much less experimental effort without
it. Nevertheless, fast polarization modulation affords a significant signal to noise improvement
already in conventional anisotropy measurements. At the same time, however, a PEM can lead
to additional artefact signals, in particular when placed into the probe beam as in set-ups a
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and b of Fig. 6.2.
First, a retardation of λ/2 can be produced by the PEM only for one specific wavelength, at
higher or lower frequencies the polarization state will be slightly elliptical. This is less critical
for the visible or UV-pump pulses which typically have a much narrower relative bandwidth.
Second, a small static birefringence of the PEM breaks the symmetry between ±λ/2 modula-
tion, corresponding to maximum expansion or contraction of the modulator crystal. Since in
both states the PEM ideally rotates an incoming polarization into the same plane, we compen-
sate for this effect by averaging the corresponding signals. This reduces the chopper frequency
for measurements of ∆A± to one eighth of the laser repetition rate, as four signals (PEM in-
active, expanded, contracted, inactive, see Fig. 6.2d) have to be recorded consecutively. Since
the refractive index changes in a PEM crystal peak at the center and drop to zero at the edges,
at maximum expansion and contraction the PEM also acts as a positive, respectively negative
lens with a focal length of 60-80 meters (depending on the size of the crystal). The size of
the beam at the array detector is thereby modulated, which can lead to intensity changes and
spectral shifts. Placing the PEM close to the focal point of the mid-IR probe beam strongly
reduces this effect (one of the main advantages of the arrangement in Fig. 6.2b over that in
Fig. 6.2a). In contrast, the corresponding modulation of the focal spot size of the UV-pump
beam at the sample in the experimental arrangement shown in Fig. 6.2c has a negligible effect
on the data, especially after averaging the signals recorded with ±λ/2 modulation.
In summary, fast modulation of the pump-pulse polarization is clearly superior to modu-
lating the mid-IR probe light in crossed-polarizer enhanced ultrafast LD spectroscopy. On the
other hand, the set-up b in Fig. 6.2 can be directly used for (transient) vibrational circular
birefringence measurements [103, 104] (for which it was originally designed) by aligning the
planes of polarization of pump and probe beams.
6.5 Conclusion
In this chapter, we have demonstrated different experimental arrangements for measuring tran-
sient absorption changes and LD in ultrafast mid-IR pump-probe experiments with highly
improved sensitivity, using a crossed polarizer method. Signal amplification by more than
one order of magnitude was achieved at constant noise. Even larger amplification factors, as
have been previously reported for electronic spectroscopy, are possible but require both better
detectors or higher probe pulse intensities and polarizers with extinction ratios better than
10−4.
The crossed polarizer technique is particularly powerful when combined with fast polar-
ization modulation using photo elastic modulators. Equivalent signals can be measured with
either pump or probe polarization modulation, however, the latter is more sensitive to artefacts.
Here we used both to detect enhanced LD signals after the photoexcitation of a photoswitch
of the N-alkylated Schiff base family and determined the angles between electronic and vibra-
tional transition dipole moments with improved accuracy. It was equally possible to eliminate
individual spectral features at certain relative polarizer angles in a single measurement.
The technique is expected to become most useful for the amplification of transient signals
from samples exhibiting very low absorbance changes. Since signal amplification is proportional
to the pump-induced linear dichroism, only bands with a well defined orientation of their tran-
sition dipole moment are significantly enhanced, while solvent and other background signals
as well as birefringence contribution are suppressed. This will strongly facilitate the study
of light-induced structural changes at much lower concentrations than typically required in
conventional transient mid-IR spectroscopy, a perspective particularly attractive for biological
samples. Recently, Donaldson et al. have demonstrated similar amplification of pump-probe
signals with a UV/Visible transient grating spectrometer that uses a heterodyne detected in-
frared probe [105]. This technique requires a customized optical layout to handle phase locked
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pairs of pump and IR pulses, which make it more challenging to set-up, whereas our method can
be implemented easily in any pump-probe set-up. The amplification in the transient grating
method does however not rely on the anisotropic component of the signal, as it measures also
amplified isotropic signals, so it is applicable to a wider range of measurements compared to
our technique.
The possibility to measure angles with better accuracy is also attracting for those who want
to compare experimental results and theoretical predictions. The possibility to follow angle
change in time is also attractive, as the gain of sensitivity in angle values could lead to more
detailed structure changes (see chapter 4).
Our technique for modulating the polarization of mid-IR pulses will also be useful in anal-
ogous all-IR pump-probe or 2D-IR experiments [106]. A closely related experiment has in
fact already been performed by Xiong and Zanni, who could enhance signals significantly by
placing a polarizer into the probe beam in a 2D-IR experiment with collinear pump-beams of
perpendicular polarization [107]. The extension of the same measurement principle to 2D-IR
spectroscopy is the purpose of chapter 7. The application to other frequencies or higher order
spectroscopies is possible and will be discussed in the outline of this thesis.
Chapter 7
Linear dichroism enhancement in
2D-IR spectroscopy
We already demonstrated that the quasi crossed polarizer technique is useful to increase S/N
and angle determination in a pump probe experiment. Here we apply the same principle
to 2D-IR spectroscopy in the pump-probe geometry, which is one of the most easy way to
perform 2D spectroscopy. The pump-probe geometry was used for the first demonstration of
2D-IR spectroscopy in the frequency domain [108]. In the time domain, this geometry is also
interesting [38], and has become popular also with the use of pulse shapers in the pump beam
to record 2D-IR spectra [39,98] as well as 2D visible spectra [109].
The idea of placing a polarizer in the probe beam after sample to increase signal to noise
ratio in 2D-IR spectroscopy was first published by the group of Prof. Zanni [107]. They showed
that they can suppress background contribution from 2D spectra by using perpendicular pump
pulses and a polarizer in the probe beam, measuring the polarization sequences of the type
< XYXY > or < YXXY >.
In this chapter, we develop this idea further and outline the close relationship between
this form of 2D-IR signal amplification and linear dichroism experiments. For the latter, the
explicit dependence of the signal on experimental parameters (polarizer alignment and quality,
signal size, etc.) has already been derived in detail in chapter 1. We build on those results
to demonstrate the full potential and some limitations of the method in 2D-IR spectroscopy.
In particular, we discuss the complete suppression of scattering contributions and the precise
determination of angles between transition dipole moment. Also, the flexibility of the technique
is demonstrated by measuring dispersive spectra and by being able to deduce rephasing and
non-rephasing spectra, that were obtainable before only with the four wave mixing geometry.
7.1 Experiment
We used the 2D-IR set-up presented in chapter 2 and described in detail in [40]. The pump-
pulse pair goes through a computer-controlled λ/2 plate, changing the polarisation between
±45◦ with respect to the laboratory X-Axis (vertical) every 20 scans of the interferometer (≈ 1
second/ scan). In order to reach maximum signal amplification, an intense probe beam, centred
at the same frequency, was produced by a second optical parametric amplifier (OPA), which
doubled the available laser power (≈ 2× 2µJ per pulse. Before reaching the sample, the pump
beam passed a wiregrid polariser (LP1) with extinction ratio ≈ 10−4, oriented at an angle β
from the X-axis. An identical wire grid polariser (LP2), oriented in the Y-direction, attenuated
the probe beam before the spectrometer and the detector. We used a waveplate in front of
LP1 to maintain constant light intensity at the sample for all angles β. Changing β thus only
modified the amplitude of ELO, while E3 and the signal field E
y
S intensity remained constant.
For large angles β, and when the LO was too large and saturated the detector, we used neutral
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Figure 7.1: Schematic representation of the set-up. The probe beam passes through a first polariser LP1 set
at an angle β relative to the X axis, behind the sample it passes through the second polariser LP2 oriented
along the Y axis. The polarisation of the pair of pump pulses is changed with a half wave plate λ2 between±45◦.
density filter to lower its intensity, affecting the signal field EyS at the same time.
To illustrate the method, we measured the 2D spectra of Rhenium-carbonyl complex [Re(CO3)
(dmpby)Br], in the region where the C=O stretching modes absorb (1860-2060 cm−1) (Fig.
7.2). The ground state bands at 1889 cm−1, 1910 cm−1, and 2018 cm−1 have been assigned to
a’(2) antisymmetric stretching of axial CO and equatorial COs, a” antisymmetric stretching of
equatorial COs and a’(1) symmetric stretching of all COs modes, respectively. For the spectra
of Fig. 7.3, the population time was t2 =20 ps and we scanned coherence time to t1 = 4000 fs.In
the spectra of Fig. 7.7 and Fig. 7.6, the population time was 1 ps.
7.2 Amplification and angle determination
In Fig. 7.3 we represent a selection of 2D-IR spectra of the individual signals ∆A± and their
difference, taken at the four different angles β = 2◦, 5◦, 10◦ and 45◦. First, the 2D spectra mea-
sured at ±45◦ correspond to the usual parallel A‖ and perpendicular A⊥ signals. As expected,
they are more intense than their difference S. The cross peaks are also more intense in the
perpendicular case, as expected for an angle close to 90◦.
From the scale and the spectra S at different β angles, we observe first that the spectra
are - as expected from Eq.( 5.15) - amplified when β is decreased. In particular, the difference
spectra S do not change shape and are only amplified. The amplification factors match well
the expected ones from Eq.( 5.15) on except for β = 2◦, where it is lower than expected (25
instead of 28). This is due to imperfect polariser and is expected to happen when angles are
smaller than 3◦ in our case [29]. We can already observe that the cross peaks in S have reversed
sign in comparison to A+ and A−. This is already an indication that these cross peak have a
negative anisotropy, and involve dipoles with angles greater than magic angle.
We see that for A+ at β ≈ 10◦, the cross peaks vanish from the spectra. This happens when
A = LDcotβ. At this population time of 20 ps, rotational diffusion has already occurred, and
we can not conclude anything about angles between transition dipoles. This fact will be later
exploited for shorter population time (see Fig. 7.4).
The cross peak then reappear when β gets smaller, but with reversed sign. This is seen in
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Figure 7.2: a)Chemical structure of the [Re(CO3) (dmpby)Br] complex. b)The 3 normal mode of CO stretch
c) FTIR spectra in DMSO.
the spectra at A+ for β = 5
◦ and β = 2◦. This effect is also present in the A− spectra for the
diagonal peaks, which are reversed when passing from β = 45◦ to β = 10◦.This is an indication
that LD cot β is now greater than A.
Another application of the method is that we can eliminate cross or diagonal peak selectively
from A± with only one measurement, by simply setting an appropriate angle β. In Fig. 5.3,
we calculated the angle β0 at which we can eliminate peaks which have a certain anisotropy,
or the corresponding internal angle ω. Only isotropic signals can not be suppressed from the
individual A±, but those are subtracted when calculating their difference. We illustrate this
fact in Fig. 7.7a by eliminating the cross peaks from the spectra. We observe first that all
cross peaks disappear at the same angle, around 10◦, corresponding a calculated angle between
normal mode of about 68◦. This value is lower than expected due to some rotational diffusion
which lowers the anisotropy in time. This elimination can be useful when studying for example
diagonal peak lineshapes, or spectral diffusion. In Fig. 7.7b, we also eliminated diagonal peak
from spectra. We could not completely eliminate these peaks, as it turned out that eliminating
bleaching contribution and excited state absorption did not happen at the same β0. This can
be explain the overlapping with cross peaks on the diagonal, or by slightly different dipole
orientation when the vibrator is excited. These peak elimination allows to get cross peak
independently from overlapping diagonal peaks, like in the entangled region around 1900 cm−1.
In Fig. 7.4, we plotted the absorption in function of β for different peaks of the measured
2D spectra. The line connecting the measured absorption at ±β crosses the horizontal axis
at β0, that we can use to determine ω. The accuracy on β0 depends then on the S/N of the
measured absorption. The signal to noise increases as β decreases, and the values of β0 and
thus ω are obviously more precise, as the linear fit of two distant point is more accurate than
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Figure 7.3: 2D spectra of [Re(CO3) (dmpby)Br] for different angles β, at a population time of 20 ps. The
first column of spectra represents the absorption ∆A+, the middle one is the absorption ∆A− and the right
one is the LD component.The scale on the right is normalized to S at β = 2◦, and is shared by spectra of ∆A±.
The horizontal axis is the probe axis, while the vertical one is the pump axis.
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the same line fitting with two points close to each other and affected by the same noise. The
angle found for the diagonal peak 1 is 66◦, when the angles for the 2 cross peak gives a value
which does not fall into the range of the graph of Fig. 7.7, but is close to cot β = 3, which is
consistent with an angle ω = 90◦.
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Figure 7.4: In a),b) and c) are displayed the maximum of absorbance of peaks 1,2 and 3 of d), for β =
±10circ,±20circand ± 45circ. The points with opposite β are connected with a line intersecting the horizontal
axis in β0, used to determine ω
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7.3 Scattering suppression
When scattered light from different laser pulses reaches the detector, delay dependent inter-
ference patterns arise, which can be much larger than the desired signal (due to interference
between local oscillator and signal field). The dominant scattering signal is usually caused by
interference between ELO and the pump fields E1 and E2, but interference of the two pump
beams may also contribute significantly.
+
-
ELO
β
E1 
E2
E3
Y
X π/8
3π/8
−π/8
Figure 7.5: Two different arrangements of the half wave plate give scattering contributions opposite values.
~Ein represents de pump polarisation before half-wave plate while ~E±β are the output polarisation for the
orientation of the λ2 for the 2 orientations depicted by dashed lines at angle θ±β . ~E
±β
scatt are the projection of the
pump vector of the y axis. ~Eprobe is the vector field of probe before polariser, while ~ELO is the heterodyning
field, which is a projection of ~Eprobe on y axis. ~Escatt and ~ELO can interfere and produce scattering signal.
In a), as ~ELO and ~E
±β
scatt have opposite orientation, the scattering at ±β will sum up with the subtraction of
signals while on b) it will be cancel out.
The quasi-crossed polarizer scheme offers an elegant way to suppress these scattering contri-
butions. The idea is similar to a scheme recently proposed for the complete scatter suppression
in 2D-IR measurements in the photon-echo geometry [110], but much easier to implement: The
different laser fields must be manipulated in a way to reverse the sign of the signal field ES,
without changing the delays between the other laser fields that may interfere on the detector.
In this case, two independent measurements can be carried out with identical scattering con-
tributions but inverted 2D-IR signals. Taking the difference between these two measurements
yields scatter-free data.
According to equation 5.15 we can achieve the inversion of the LD-component of the signal
field in the pump-probe geometry by changing the pump-polarization from 45◦ to 135◦, as
indicated in Fig. 7.5. If the waveplate is rotated in the proper direction, it induces a λ/2 delay
of the X-components of the pump beams, without affecting their Y-components. Only the
Y-components of the fields are transmitted by the polarizer that is placed behind the sample,
so all scattering signals are constant.
As a result, the difference between the two measurements ∆A+−∆A− not only isolates (and
amplifies) the well-defined LD-component of the signal, but also fully eliminates background
contributions. The LD signal may of course also be measured by rotating the waveplate in
the opposite direction, thus selectively delaying the Y-components of the pump fields (dotted
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arrow in Fig. 7.5). In this case, however, the scattering signal also changes sign and becomes
stronger in the difference signal.
To illustrate the ability of our set-up to eliminate scattering signals, we measured 2D-IR
spectra on a highly scattered sample (see Fig. 7.6). We observe in the 2D-IR spectra that for
the individual signals acquired at ±β, scattering signal along the diagonal perturbs the 2D-IR
spectra, hiding somehow the diagonal peaks. Subtracting those two contributions results in the
spectra in Fig. 7.6 c, where the scattering is suppressed by the subtraction.
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Figure 7.6: a) Scattering signals appearing along the diagonal for ∆A+ has the same sign as for ∆A− in b).c)
The subtraction of those two signals results in the LD signal free of scattering and background contributions.
7.4 Discussion
Two of the main limiting factors to perform reliable 2D-IR spectra are the size of the signals and
the unwanted scattering signals. The scheme presented here greatly enhances the sensitivity
of the 2D-IR technique, while suppressing the scattering contribution to the signal. This way,
amplification of the signals permits to study weaker absorber or low concentrated samples.
The scattering contribution that often blurs the interesting signals can be suppressed com-
pletely by a simple subtraction of datasets. It is interesting to compare this method of scattering
suppression to other schemes used in the pump-probe geometry. The most common technique
being delay dithering, or in a more defined way, the variation of the waiting time t2 between
the pump pulse(s) and the probe pulse in units of pi/ω0, the center frequency of the pulses.
The result is a pseudo inversion of the relative phase between pump(s) and probe [111], which
inverts the scattering contribution at ω0, without modifying the 2D-IR or pump-probe signal
significantly [40]. By summing over data recorded at three different delays, scattering can
thus be suppressed by more than two orders of magnitude over a bandwidth of 10% [40]. In
interferometer-based 2D-IR spectroscopy it is also possible to chop the pump-beam (E2)in the
static arm of the interferometer [38]. This allows one to fully eliminate interference terms be-
tween E1 and the local oscillator, while the Fourier transform along t1 suppresses the static
scattering contribution [38]. Both techniques do not suppress interference terms between E1
and E2, but they can be employed in combination with our polarizer method to compensate for
imperfect alignment of the waveplate in the pump beam. The principle of scatter suppression
by our polarization method is probably most closely related to pulse shaping techniques. When
the pump-pulse pair is generated by a pulse shaper [39], the relative sign of the two pump
beams can be inverted without changing their delay (true inversion), provoking an inversion of
the signal. Full scattering suppression (including interference between E1 and E2) nevertheless
requires four measurements [32]. Ideally, the different measurements required to acquire the
scatter-free signal should be carried out within the shortest possible time in order to reduce
noise and minimize the effect of intensity drifts. In our crossed-polarizer scheme the pump pulse
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polarization can in principle be changed on a shot-to-shot basis using a photoelastic modulator
(PEM) [29] instead of rotating a waveplate on a second to minute timescale. However, com-
mercially available mid-IR modulators simultaneously change the refractive index for the X
and Y components of the incident light, compromising the possibility to maintain a constant
delay between scattered fields. A possible future improvement of our method could thus be the
combination of fast delay modulation (by a wobbling Brewster window [110]and polarization
modulation(by a PEM), which can lead to an effective delay change of only the X-components
of the pump beams.
Suppressing isotropic signal is also an interesting feature of this method which is not illus-
trated here, but which can have an application when thermalization effects rise in time and
overlap interesting signals, and affecting anisotropy data for example [13,112–115].
Removing signals arising from transition with well defined dipole orientation is another
application of this technique that could be used for example for the mapping of the anisotropy
of broad inhomogeneous features around the diagonal. Cancelling the signal on one side of a
spectral band will for example leave a small absorption of the other side for example, and the
anisotropy can then be mapped with only one measurement. This could also reveal different
anisotropy relaxation from one side of the spectrum relative to the other, as it is for example
when hydrogen bonding is responsible for spectral shift in the spectrum and also alters diffusion
relaxation [115,116].
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Figure 7.7: a) Elimination of cross peak at an angle of 10◦. b) Elimination of diagonal peak with an angle of
25◦
The increased accuracy in the determination of angles between transitions dipoles is also
an important feature of this technique. In this particular case, the angle calculated from
Fig 7.4 are not totally consistent with what is expected, but what we want to emphasize here
is the improvement when compared with the conventional used of parallel and perpendicular
measurements. This technique suffers from the same drawback as the traditional method do,
such as the sensitivity to isotropic background (that shift up the points of Fig. 7.4 and shift the
of the value of β0), but the precision of the measure can be improved by more than 20 according
to Fig. 5.3. We applied here the technique on quasi perpendicular transition dipoles, but as
shown in section 5.4, the improvement in accuracy is best when transition dipoles angle is near
magic angle, where the usual method fails. We also believe that our method will allow one
to determine angle between transition dipoles of weak absorbers in condition when it was not
possible before, because of the impossibility to get enough signal for parallel and perpendicular
probing.
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7.5 Dispersive measurements
7.5.1 Kramers-Kronig and causality
The Kramers-Kronig transformation relates the absorption and dispersion spectra and is a
consequence of causality. It means that any causal and real response function R(t) will lead
to a complex spectra, whose real and imaginary part are related through Kramers-Kronig
transformation.
= +
FT
+ i. 
even odd
Dispersive Absorptive
KK
causal
t t t
ω ω
Figure 7.8: A causal response function can be decomposed into the sum of a odd and even function. Each
of them leads, after fourier transform (FT), to the absorptive and dispersive lineshapes in frequency, which are
related through the Kramers-Kronig relation (KK).
From the property of the Fourier transform, we know that any odd function results in a pure
imaginary transform, while any even function gives a purely real function. In fact, in linear
spectroscopy, the odd part of the response function is the one which is pi
2
phase shifted relative
to the excitation field, while the even part of the response is in phase with the excitation field.
The field emitted, of free induction decay, is proportional to the derivative of the polarization
and has an additional phase pi
2
phase shift. The odd part of the response function gives rise to
a field which is pi shifted relative to excitation and interferes destructively with it, causing an
absorption (see Fig. 7.8). In a same way, the even part of the response gives rise to a field with
a pi
2
phase shift relative to excitation but is not accessible as it does not modulate the measured
intensity.
Usually, the third order signals measured in the pump-probe geometry are purely absorp-
tive [38, 40], the only difference with linear spectroscopy is that now probe fields is now also
affected by transient species. This is not the case in the four wave mixing geometry, where
rephasing and non-rephasing signals are measured independently, and then combined to lead to
an absorptive spectrum [34]. Because they are emitted in the same direction in the pump-probe
geometry, they sum-up directly on the detector and lead to the absorptive lineshape. It is then
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possible to do the same manipulation described above to determine a dispersive spectrum from
an absorptive one.
In fact, performing the inverse Fourier transform on the absorptive signal leads to an odd
function (see Fig. 7.8) in the time domain. Enforcing causality by zeroing negative times
results in a causal response function. Transforming back this causal function gives rise to the
complex spectrum consisting of real dispersive and imaginary absorptive spectra. Calculating
the dispersive spectrum this way is equivalent to do a pseudo Kramers-Kronig transformation
of the absorptive signal [109,111].
Here, we show that it is possible, with little modification of our set-up, to measure dispersive
spectra directly, this is possible by phase-shifting the LO by pi
2
.
We saw in chapter 1, that the time-domain signal can be written as :
S(t) ∝ < (ELOEsig(t)) (7.1)
if we add up a phase factor of pi
2
to the LO, we obtain :
S(t) ∝ < (eipi2ELOEsig(t)) (7.2)
Or in the frequency domain :
<S(ω) ∝ < (eipi2ELOEsig(ω))
<S(ω) ∝ = (ELOEsig(ω)) (7.3)
This way, we exchange the real part and the imaginary part of the signal and measure now
a dispersive spectrum instead of an absorptive one.
7.5.2 Obtaining rephasing and non-rephasing spectra
In pump-probe spectroscopy, and in particular in 2D-IR, the rephasing RR and the non rephas-
ing RNR responses contribute to the signal. They are usually not accessible individually in the
pump probe geometry, as they are emitted in the same direction. Rephasing and non-rephasing
diagrams have a different phase dependence regarding the pump pulses relative phase, and can
be isolated by manipulating this phase [32, 39, 109]. In our 2D-IR set-up, the probe axis is
directly given by the spectrometer and the array detector. The pump axis is obtained from the
Fourier transform of the measured time domain signal. If we rewrite the response functions as
a sum of rephasing (RR(t)) and non-rephasing (RNR(t)) contributions :
R(t1, t3) = R
R(t1, t3) + R
NR(t1, t3) (7.4)
Now, the polarization, which is the triple convolution of the response functions with the
three excitation pulses can be written, in the impulsive limit, as :
P (3)(t1, ω3) ∝ i3
∫
e(iω3t3)+φ3
(
e−∆φ1,2RR(t1, t3) + e∆φ1,2RNR(t1, t3)
)
dt3 (7.5)
The rephasing response functions depend on −∆φ1,2 +∆φ3,LO) while the non-rephasing ones
depend on ∆φ1,2 + ∆φ3,LO). The heterodyne signal, after Fourier transform along t3 is :
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S∆φ1,2,∆φ3,LO(t1, ω3) ∝ <
(
ei(∆φ3,LO)
(
ei(−∆φ1,2)RR(t1, ω3) + ei(+∆φ1,2)RNR(t1, ω3)
))
(7.6)
which reflects the signal that we actually measure, as the spectrometer does the Fourier
transformation along t3, and the t1 time is scanned directly by the interferometer. We plot the
signal with two frequency axis, and have to perform a Fourier transformation along t1, which
finally gives the expressions :
<S0,0(ω1, ω3) ∝ <
(
RR(ω1, ω3) + R
NR(ω1, ω3)
)
(7.7)
<S0,pi2 (ω1, ω3) ∝ =
(−RR(ω1, ω3)−RNR(ω1, ω3)) (7.8)
<S pi2 ,0(ω1, ω3) ∝ =
(
RR(ω1, ω3)−RNR(ω1, ω3)
)
(7.9)
<S pi2 ,pi2 (ω1, ω3) ∝ <
(
RR(ω1, ω3)−RNR(ω1, ω3)
)
(7.10)
The first two signals correspond to the absorptive and dispersive spectra discussed above,
both can be obtained experimentally, or calculated one from the other with a pseudo Kramers-
Kronig transformation.
The last two can not be measured directly in our case, because they require to be able to
modify the pump pulses relative phase. This can be done with the use of a pulse shaper and
has been demonstrated before [39, 109]. There is a way to obtained them mathematically by
applying the pseudo Kramers-Kronig transformation along the pump axis t1. By doing so, we
calculate S
pi
2
,0 from S0,0 and S
pi
2
,pi
2 from S0,
pi
2 . Then the combination of the different signals
S∆φ1,2,∆φ3,LO leads to the complex rephasing and non-rephasing spectra :
RR(ω1, ω3) ∝ <
(
S0,0(ω1, ω3) + S
pi
2
,pi
2 (ω1, ω3)
)
+ i= (S pi2 ,0(ω1, ω3)− S0,pi2 (ω1, ω3))
RNR(ω1, ω3) ∝ <
(
S0,0(ω1, ω3)− S pi2 ,pi2 (ω1, ω3)
)− i= (S pi2 ,0(ω1, ω3) + S0,pi2 (ω1, ω3)) (7.11)
Usually, when measured with the four wave mixing technique, only the real part of the
rephasing and non-rephasing spectra are shown, and the dispersive is ignored.
In this section, we show that we can measure absorptive or dispersive spectra experimentally
with only very little modification of the crossed polarizer set-up. Additionally, we demonstrate
experimentally how to obtain the rephasing and non-rephasing part of the response function,
knowing the absorptive and dispersive spectra.
7.5.3 Experimental set-up
We used here the 2D-IR set-up used before and modified it to the purpose of measuring dis-
persive spectra.
First, for the probe beam, the two polarisers are now crossed, and a glass plate (stress
plate SP on Fig 7.9) is placed with the principal axis at 45◦ relative to the probe polarization.
Without stress on the plate, no light goes through the second polariser and no signal is detected.
When adding stress on the plate, the linearly X-polarized incoming field becomes slightly
elliptical. The long axis of the ellipse (X) is the intense probe field, while the short axis is the
pi
2
phase shifted field ELO in the Y direction, which will heterodyne the signal field. Now, we
create a Y-polarized heterodyning field with a pi
2
phase shift relative to the probe field, whose
intensity depends on the amount of stress applied on SP. This will lead to the measurement of
a dispersive lineshape.
Second, we used crossed polarisers instead of beamsplitters in the interferometer that creates
a pair of perpendicular pump pulses (see Fig 7.9). This way, we measure either the 〈XYXY 〉
or the 〈Y XXY 〉 polarisation tensors, depending on the orientation of the half-wave plate in
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Figure 7.9: a) Interferometer with polarizers instead of beamsplitters is used to generate a pair of perpendicular
pump pulses b) The pair of perpendicularly polarised pump pulses can be rotated with a half-wave plate. The
two polarisers in the probe beam are crossed, and the stress plate SP at 45◦ allows to create a pi2 phase shifted
field ELO perpendicularly polarized relative to the probe E3.
the pump beam 1.
1We could use the previous polarisation for the pump pulses, i.e. at 45◦, which would create the sum of
tensors 〈XYXY 〉 + 〈XXXY 〉, but the latter cancels in the dipole approximation and does not contribute to
the signal.
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7.5.4 Results
We measured first the absorptive and dispersive spectra of azide in water using our technique.
The asymmetric stretch of azide in water absorbs around 2050 cm−1 and is well isolated from
other absorption bands. Azide is a probe of its environment and has been studied before in
water [119].
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Figure 7.10: a) absorptive and b) dispersive spectra of azide in water, taken in the same polarisation condition
〈XYXY 〉.
The absorptive spectrum was measured without stress on the waveplate, and with a small
angle between the probe beam polarisers. The dispersive one was measured with completely
crossed polarisers, and with some stress applied on SP. We took care that the amount of light
on the detector was the same in the two cases. The two spectra are depicted in Fig.7.10.
From the measured absorptive and dispersive spectra of Fig. 7.10, we calculated the re-
spective dispersive and absorptive spectra, by applying the pseudo Kramers-Kronig relation as
described before. These spectra are shown on Fig. 7.11.
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Figure 7.11: a) dispersive and b) absorptive spectra of azide in water, calculated from the measured spectra
of Fig. 7.10.
From these spectra, we calculated the real part of the rephasing and non-rephasing spectra,
by applying relation 7.11. This lead to the spectra in Fig. 7.12.
7.5.5 Discussion
Dispersive spectra, if directly measured (Fig 7.10) or calculated from the absorptive spectra
(Fig 7.11) are very similar. It is the same for the measured and calculated absorptive spectra. It
shows that the pseudo Kramers-Kronig transformation gives reliable results in that particular
case.
To our opinion, the fact that the pseudo Kramers-Kronig transformation works so well in
this case is twofold :
• First, the asymmetric stretch of azide is well isolated from other absorption bands, that
could induce a dispersive contribution in the spectral window considered here.
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Figure 7.12: Real parts of the measured absorptive (A) and dispersive (D),and calculated rephasing (R) and
non-rephasing (NR) spectra using Eq. 7.11.
• Second, the positive and negative features of the absorption contribute to opposite dis-
persion in a similar amplitude, so that the dispersive spectra has all its amplitude in the
spectral range captured by our spectrometer.
In general, dispersive spectra are more extended in frequency than absorptive spectra (they
decay in 1
ω
when absorptive spectra decay in 1
ω2
). Acquiring an absorptive spectrum requires
to measure on a smaller spectral window. It is consequently easier to acquire an absorptive
spectrum and deduce the dispersive spectrum than the other way around. We can see this
effect for one single transition in Fig. 7.13a, where we show an absorptive lineshape similar
to the azide’s linear spectrum. The corresponding dispersive spectrum extends much more in
frequency and requires to measure on a wider spectral range.
This is different if we consider a transient spectrum, where ground and excited state con-
tribute to the signal. This is seen in Fig. 7.13b, where we considered a bleaching, matching the
lineshape of Fig. 7.13a and the excited state absorption with a larger lineshape and displaced
in frequency to match the anharmonic shift of azide. We see here that the contribution to
the dispersion comes from both positive and negative features of the absorption. Those two
contributions cancel out away from the absorption, and the dispersive spectrum converges to
zero in a similar manner as the absorptive one. Also, the asymmetry of the dispersive spectrum
reproduces well the 2D-IR spectrum of azide in Fig. 7.10b or Fig. 7.11a, and is due to the
different broadness of the ground state and excited state bands.
The interest of measuring directly a dispersive spectrum is somehow reduce given the fact
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Figure 7.13: a) Absorptive and dispersive lineshapes of a single positive band (Lorentzian, centred at
2040 cm−1 with FWHM 36 cm−1). b) Absorptive and dispersive lineshapes when considering two absorption
bands with opposite sign and different line broadness.(Lorentzian, negative and positive centred at 2040 cm−1
and 2070 cm−1 and with FWHM 36 cm−1 and 40 cm−1 respectively)
that we can obtain it through the Kramers-Kronig relation. But it is interesting to use this
technique in order to obtain the rephasing and non-rephasing spectra (or more Feynman path-
ways), which carry different information, as some more peaks contribute in the non-rephasing
spectra [32,120].
The peak shape of rephasing and non-rephasing spectra is a combination of absorptive and
dispersive features. This is seen from the spectra of Fig. 7.12, where the peaks extends in fre-
quency along both axis. This is also evident from Eq. 7.11, where we see that the determination
of the rephasing and non-rephasing spectra requires to sum absorptive and dispersive spectra
together.
7.6 Conclusion
Using polarizers, the different fields of a third order experiment in the pump probe geometry
can be controlled independently, which makes it possible to boost anisotropic signals to levels
that can otherwise only be reached in non-collinear experimental geometries. In a certain
sense, polarization takes on the role of directional phase matching. At first sight, this seems
to ”consume” the polarization degree of freedom of the experiment, which is usually used for
the determination of intramolecular angles. Here we have shown how this measurement can
be carried out with even better precision when recording two amplified spectra with opposite
polarizer orientations. This method also offers an elegant way of suppressing scattering signals
and selected peaks in the 2D-IR spectrum, making it a very simple, versatile and powerful
implementation of 2D-IR spectroscopy.
The possibility to measure dispersive spectra adds up flexibility to the technique. The
further determination of rephasing and non-rephasing contribution is also an interesting feature.
Here, the acquisition of absorptive and dispersive spectra necessitate to rotate a polarizer and
add stress to the tunable waveplate. This takes time, and the noise affecting each spectrum can
be different due to the slow laser fluctuations. It is in principle possible to acquire absorptive
and dispersive spectra alternatively on a shot to shot basis by using a PEM. With crossed
polarizers, the PEM could alternatively act as an half-wave plate or a small retardation wave
plate, with the laser synchronized to it, as illustrated in chapter 6.
Polarization enhancement is also promising for fifth order experiments like transient 2D-IR
spectroscopy, where dichroism can be even larger [124]. Even when the delay between the first
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(electronic) excitation and the subsequent IR excitations becomes longer than the rotational
diffusion time, amplification would still possible because the IR excitation restores the linear
dichroism, which can be exploited in the way presented in this article.
Conclusion
In this thesis, we have explored ultrafast UV-IR and 2D-IR spectroscopies with the aim of
studying molecular structure with better accuracy. By manipulating the polarizations of the
light pulses in the experiment, we developed methods to improve their sensitivity to the molec-
ular structure. We applied these methods on novel photoswitches that are promising prototypes
for achieving molecular rotors.
We have studied a biomimetic molecule, based of the NAIP scheme proposed by Olivucci
and co-workers. This ZW-NAIP molecule is a potentially unidirectional rotor which completes
half a cycle on the picosecond time scale. The rotation is achieved with a cis/trans isomerization
along a double bond. We showed with our techniques of ultrafast spectroscopy, that we can
gain a direct insight into the isomerization mechanism and access structural parameters over
the course of the rotation.
We developed new strategies for improving the sensitivity of ultrafast UV-IR and 2D-IR
spectroscopies to molecular structure. For the case of UV-IR experiment, we first showed that
a fast modulation of the polarisation improves the quality of the anisotropy data. Second,
amplifying the LD component of the molecular response, we showed that we can improve
significantly the signal to noise ratio of a pump-probe spectrum, leading to an improvement
in the determination of the angles between transition dipoles. The simplicity of the set-up,
combined with high quality polarizers, proved that it is possible to acquire spectra of samples
with weak oscillator strengths or at low concentrations, with the possibility of removing isotropic
backgrounds, and increasing the accuracy of angle determination.
The extension of our method to 2D-IR spectroscopy leads to the same advantages of accu-
racy in angle determination and improved signal to noise ratio. It is additionally possible to
completely eliminate scattering contributions. Usually the signal size competes with scattering
when one wants to measure low absorbance samples. In our case, we combine the signal increase
with the scattering suppression and the background reduction. This gives the pump-probe ge-
ometry new strengths that makes it a more attractive choice when compared with a four wave
mixing geometry.
As an extension of the technique, we showed the possibility of improving the flexibility of
the set-up by measuring dispersive spectra, from which rephasing and non-rephasing spectra
could be deduced. These findings have motivated further investigations, now in progress, into
the relationship between rephasing, non-rephasing, absorptive and dispersive spectra. The
experimental comparison of the four wave mixing set-up with the crossed polarizer technique
in collinear geometry should also be investigated. In addition, the methods mentioned above
would benefit from higher energies of the incident light pulses, and also from an improvement
in the infrared polarizers, in terms of extinction ratio and transmission.
We are confident that the improvement in structure determination presented in this thesis
will find interest in the community of time-resolved spectroscopy. The technique can be applied
to many problems where molecular structure needs to be determined. The study of larger
systems like proteins, which experience structural changes during folding or unfolding could
gain from the application of the techniques developed here.
Building synthetic molecular motors powered by light is a challenging task. The biomimetic
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approach described here is an interesting way to explore this objective, as nature has already
provided many examples of molecular machines. The NAIP-type photoswitches are still under
development, and there is room for improvement of the quantum yield and the speed of the
isomerization process. Also, the ultrafast study presented here will help to understand the link
between the mechanism of the isomerization process, its rate and quantum yield. The aim is to
reach the quantum yield and rate of isomerization of retinal in rhodopsin. Further synthesis of
chiral photoswitches is also of great interest in the context of unidirectional molecular rotation.
This will rely on input from computational and organic chemists.
We demonstrated that the detection of unidirectional motion during cis/trans isomerization
using anisotropy is possible. There are several prerequisites for unidirectional detection which
are not yet all completed by the ZW-NAIP molecule presented in this thesis. First we need a
high quantum yield of isomerization and large transient absorption signals. Moreover, the time
resolution of the experiment must be better than the isomerization time. It is necessary to have
an IR vibrational mode with a high degree of localization and preferably spectrally isolated from
the other mid-IR modes. This particular vibrational mode has to be part of the rotating moiety
of the molecule. It is also better if the non-rotating moiety of the molecule is attached to a
heavy chemical group, which can be considered fixed during the rotation. ZW-NAIP also still
suffers from limited quantum yield, especially when compared to retinal. However, the study
presented here is relevant for further development of photoswitches with improved properties.
The NAIP based photoswitches constitute an interesting alternative to the widely used
azobenzene type of photoswitches. Azobenzene photoswitches are linked to peptides to mod-
ulate their properties [125, 126] or study the mechanism of energy transport [127] in peptides.
Azobenzene suffers from low solubility, and NAIPs are in this regard attractive. Some work
is already in progress to incorporate NAIPs into DNA. ZW-NAIP is a good candidate, as the
large dipole change accompanying isomerization could also be used to modulate the fluorescence
properties of DNA.
Two-dimensional infrared spectroscopy and anisotropy measurements are interesting tools
for chemists to follow fundamental chemical processes, like bond breaking and formation, or
cis/trans isomerization. The measurement principle proposed in this thesis was applied only
to third order spectroscopies. The extension of the technique to higher order spectroscopies
is possible. The fifth order transient 2D-IR (T2DIR) spectroscopy for example could benefit
from the ideas exposed in this thesis, as the value of the anisotropy can be even larger in this
experiment [124].
In conclusion, the techniques developed here constitute a new contribution to the application
of ultrafast spectroscopies for transient structure determination. The study of processes such
as cis/trans isomerization and ultrafast rotation give insights that will inform the development
of faster and more efficient molecular machines.
Appendix A
Double sided Feynman diagrams and
the evolution of the density matrix
The expression of the 3Rd order polarisation in Eq. 1.1 involves a commutator that gives rise,
with some approximations mentioned in section A.1, to a sum of 8 different terms that describe
different pathways for the evolution of the density matrix, considering we are dealing with a
isolated 2-level system1. More pathways have to be considered when dealing with a set of
coupled transitions, which will give rise to cross peaks and the 2D-IR spectra [32]. To each of
this pathway corresponds a response function Rn, that constitute mathematical representation
of the molecular response. This appendix aims to introduce a graphical representation of
the response functions with the use of double sided Feynman diagrams, made popular by
Mukamel [31] and intensively used in the literature [14, 130–132]. These diagrams allow an
intuitive representation of the response function, and in the case of third order spectroscopy,
will connect the response functions to the usual terminology used in pump-probe spectroscopy
like bleaching, excited state absorption (ESA) and stimulated emission (SE). There are different
conventions for drawing those Feynman diagrams [133–135], and here is presented one adopted
in particular by Hamm and Zanni [32].
A.1 Third order non-linear Polarisation
Making use of the Rotating Wave Approximation (RWA) and the time-ordering of the light
pulses [32, 130], and for a two-level system, the commutator of Eq. 1.1 will develop in a sum
of height terms that we can write as follows :
R(3) = 〈µˆ(t3 + t2 + t1) [µˆ(t2 + t1), [µˆ(t1), [µˆ(0), ρ(−∞)]]]〉 (A.1)
= 〈µˆ(t3 + t2 + t1)µˆ(t1)ρ(−∞)µˆ(0)µˆ(t2 + t1)〉 ⇒ R1
+ 〈µˆ(t3 + t2 + t1)µˆ(t2 + t1)ρ(−∞)µˆ(0)µˆ(t1)〉 ⇒ R2
+ 〈µˆ(t3 + t2 + t1)µˆ(0)ρ(−∞)µˆ(t1)µˆ(t2 + t1)〉 ⇒ R3
+ 〈µˆ(t3 + t2 + t1)µˆ(t2 + t1)µˆ(t1)µˆ(0)ρ(−∞)〉 ⇒ R4
− 〈µˆ(t3 + t2 + t1)µˆ(t2 + t1)µˆ(0)ρ(−∞)µˆ(t1)〉 ⇒ R5 = R∗1
− 〈µˆ(t3 + t2 + t1)µˆ(t1)µˆ(0)ρ(−∞)µˆ(t2 + t1)〉 ⇒ R6 = R∗2
− 〈µˆ(t3 + t2 + t1)µˆ(t2 + t1)µˆ(t1)ρ(−∞)µˆ(0)〉 ⇒ R7 = R∗3
− 〈µˆ(t3 + t2 + t1)ρ(−∞)µˆ(0)µˆ(t1)µˆ(t2 + t1)〉 ⇒ R8 = R∗4
1For a 3-level systems, the expression will give rise to 12 terms [130]
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The star refers to complex conjugate and R and NR refer to rephasing and non-rephasing
diagrams. The terms rephasing and non-rephasing describe the sign of the first and second
coherences.(Opposite sign lead to rephasing diagram, same sign gives non-rephasing diagrams).
The corresponding Feynman diagrams for each response function are :
k2
k1
k3
R2
k2
k3
k1
R3
k3
k2
k1
R1
k1
k3
k2
R4
Figure A.1: Feynman diagrams for a two level system.R1 and R4 are non-rephasing diagrams, while R2 and
R3 are rephasing diagrams.
Following the rule described in [32,136] we can calculate the response function corresponding
to each Feynman diagram. For example, we have :
R2 = ıµ
4
01e
+ıω01t1e−t1/T2e−t2/T1e−ıω01t3e−t3/T2 (A.2)
where T1 and T2 are the population relaxation time and homogeneous lifetimes respectively.
R2 is a rephasing diagram, as the complex exponential terms in t1 and t3 have opposite signs.
A.2 Double sided Feynman diagrams : rules
Double sided Feynman diagrams represents the evolution of the density matrix including the
interaction with the light field. To each of the response functions of Eq.A.2 correspond a
a Double Sided Feynman Diagram, that are constructed following the set of rules described
below.
A.2.1 Rules
The construction of double sided feynman diagrams requires to apply the set of following rules
:
• The left and right vertical lines represent the time evolution of the ket |...〉 and the bra
〈...| of the density matrix.
• Time runs from bottom to top.
• Interactions with the dipole operator are represented by arrows. The last interaction,
which originates from the trace P (n)(t) =
〈
µˆ(t)ρ(n)(t)
〉
, is emission and hence indicated
using a dotted arrow.
• Each diagram has a sign (−1)n, where n is the number of interactions from the right.
• An arrow pointing towards the system represents an up-climbing of bra or ket of the
density matrix, while an arrow pointing away represents a de-excitation.
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• An arrow pointing to the right represents an electric field with e−iωt+i−→k ·−→r , while an arrow
pointing to the left represents an electric field with e+iωt−i
−→
k ·−→r . This rule expresses the
fact that the real electric field
E(t) = 2E ′(t) · cos(ωt−−→k · −→r − φ)
can be separated into positive and negative frequencies
E(t) = E ′(t) ·
(
e−iωt+i
−→
k ·−→r +iφ + e+iωt−i
−→
k ·−→r −iφ
)
.
• The emitted light, i.e. the last interaction, has a frequency and a wavevector which is the
sum of the input frequencies and wavevectors (considering the appropriate signs).
• The system must end in a population state.
Also, by convention, only the diagrams with the last interaction emitting from the ket (left
side of density matrix) are considered 2.
A.2.2 Interpretation
First, Feynman diagrams are separated in two categories : rephasing and non-rephasing dia-
grams. This terminology comes from the photon-echo experiments, as only rephasing diagrams
creates an echo signal. The distinction is made looking at the sign of the coherences in the
expression of the different Ri. If coherences oscillates with the opposite sign, we have a rephas-
ing diagram, and a non-rephasing diagram otherwise. It is easy to determine is a diagram is a
rephasing or a non-rephasing one graphically : if the arrow k1 and k3 are in the same direction,
we have a non-rephasing diagram, if the are pointing in opposite direction, we have a rephasing
diagram.
From the rules described above, we can see that rephasing diagrams are all all emitted in
the ks = k1−k2 +k3 direction, while rephasing diagrams are emitted in the ks = −k1 +k2 +k3.
This is a way to measure independently R and NR spectra in a photon-echo geometry. In pump
probe, as k1 = k2, so we get ks = k3 and we measure simultaneously all Feynman diagrams.
The sum of rephasing and non-rephasing spectra leads to an absorptive spectra which are
usually preferably displayed in literature, as they are more intuitive to interpret (see section 7.5).
2The symmetric diagram ending with an emission from the bra is the complex conjugate of the one emitting
from ket
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Appendix B
Isotropic averages and direction cosines
In the condensed phase, molecules are randomly distributed over all possible orientation in the
3-dimensional space. The media is said to be isotropic. Calculating the signal emitted from such
an assembly of molecules requires to average over the contribution of every possible orientation
of the molecules. In the case of spectroscopy, the important quantity is the transition dipole
moment, which interacts with the polarised electric field. To perform this averaging, we will
use the properties of direction cosines, detailed below, and apply it to the particular problem
of 3rd order spectroscopy.
B.1 Direction cosines
Direction cosines are useful when one needs to know the relative orientation of two set of
axes. In the case of spectroscopy, we need to know the relation between an electric field,
which polarisation is expressed in the laboratory frame, and a transition dipole operator, which
orientation is expressed in the molecular frame. The connection between those two set of axis
can be done using direction cosines, which will be very useful afterwards to perform isotropic
averages [137–139]. We need to define the rotation matrix that will transform on set of axes
into the other :
R =
(
lxx lxY lxZ
lyx lyY lyZ
lzx lzY lzZ
)
(B.1)
where the lii′ terms are defined as the angles between the i (i = x, yorz) axis of the molecular
frame and the i’ (i′ = X, Y orZ) axis of the laboratory frame :
lxX = cos(x̂, X) (B.2)
as is shown in Fig.B.1.
If we take for example the laboratory frame as a reference, and a transition dipole moment
with a certain orientation in the molecular frame −→ν mol, its new coordinates in the lab frame−→µ lab is :
−→µ lab = R.−→µ mol (B.3)
B.2 Isotropic averages of direction cosines
Now, if we need to get some isotropic averages, instead of calculating space integrals, we can
just take the tabulated values of direction cosines and direction cosine products :
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[H]
Molecular frame 
X
Y
Z
x
y
z
lxX
lxZlxY
Laboratory 
frame
〈lii′〉 =0 (B.4)
〈lii′ljj′〉 =1
3
δijδi′j′ (B.5)
〈lii′ljj′lkk′〉 =ijki′j′k′ (B.6)
〈lii′ljj′lkk′lll′〉 = 1
30
[δijδkl(4δi′j′δk′l′ − δi′k′δj′l′ − δi′l′δj′k′) (B.7)
+δijδil(−δi′j′δk′l′ + 4δi′k′δj′l′ − δi′l′δj′k′) (B.8)
+δilδjk(−δi′j′δk′l′ − δi′k′δj′l′ + 4δi′l′δj′k′)] (B.9)
with i, j, k, l = x, y, z and i′, j′, k′ and l′ = X, Y, Z
B.3 Isotropic averages of the response functions
The aim is to calculate the general orientational term :
〈(−→u sig.−→e LO)(−→u 3.−→e 3)(−→u 2.−→e 2)(−→u 1.−→e 1)〉 (B.10)
Which can be easily calculated with the general formulae derived by A.Tokmakoff [140] or
R.Hochstrasser [44] :
a =
1
30
[〈cos(θu3,usig)cos(θu1,u2)〉 (B.11)
(4cos(θeLO,e3)cos(θe1,e2)− cos(θeLO,e2)cos(θe3,e1)− cos(θeLO,e1)cos(θe2,e3))
+ 〈cos(θu2,usig)cos(θu1,u3)〉
(−cos(θeLO,e3)cos(θe1,e2) + 4cos(θeLO,e2)cos(θe3,e1)− cos(θeLO,e1)cos(θe2,e3))
+ 〈cos(θu1,usig)cos(θu2,u3)〉
(−cos(θeLO,e3)cos(θe1,e2)− cos(θeLO,e2)cos(θe3,e1) + 4cos(θeLO,e1)cos(θe2,e3))]
Where the angles θei,ej are the relative angles between the polarised pulses of the different
interactions.
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This equation was used to fill out the table in chapter 1, with P2(cos(θui,uj) =
1
2
(3cos2(θui,uj)+
1).
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Appendix C
Mu¨ller Matrix Calculus
C.1 Introduction
Stokes vector is a 1 × 4 vector describing the polarization and intensity of a light beam [128].
It is useful when dealing with light which is not perfectly polarised; it replaces the Jones vector
which deals only with perfect polarisation. The first element of the Stokes vector represents the
intensity of the light, and is interesting in our case as it is directly the quantity that is measured
by the detector. The effect of an optical system on the polarisation of light is modelized from
the Stokes vector entering the system and applying Mu¨ller matrix calculus, which leads to the
Stokes vector of light out of the system.
Mu¨ller matrices are 4×4 used to model optical elements which have an effect on polarisation
or intensity of the beam. All linear effects such as absorption, dichroism or birefringence can
be described using Mu¨ller matrices. This aim of this appendix is to give to the reader the tools
to derive the equations in section 6.5.
C.2 The Stokes Vector
The Stokes vector
−→
S describes the intensity and degree of polarisation of light, using 4 pa-
rameters know as the Stokes parameters, which are, in the basis (X,Y) of the laboratory frame
:
• s0 = |Ex|2 + |Ey|2
• s1 = |Ex|2 − |Ey|2
• s2 = 2<(ExE∗y)
• s3 = 2=(ExE∗y)
The Stokes parameters are real and related to observable quantities. The first parameter s0
is the intensity of light, s1 is the intensity of horizontal or vertical polarised light, the parameter
s2 gives the amount of linear +45 (or -45 ) polarised light and s3 describes the amount of right-
or left-circular polarised light in the beam.
And the Stokes vector is composed of these four parameters :
~S =
s0s1s2
s3
 (C.1)
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Unpolarised light

1
0
0
0
 Plane of polarisationin the X direction

1
−1
0
0

Plane of polarisation at
45◦ relative to X

1
0
1
0
 Right Circularpolarisation

1
0
0
1

And below are some examples of Stokes vectors related to some states of polarisation :
The detectors measure intensities, which are square of the electric fields (”square law de-
tectors”), so the first element of the Stokes vector corresponds to the observable measured on
the experiments used in this thesis.
C.3 Mu¨ller Matrices of a combination of optical ele-
ments
The Mu¨ller matrices for each elements used in the set-ups presented in this thesis are :
1. Absorption :
MAbs = e
−A
1 0 0 00 1 0 00 0 1 0
0 0 0 1

2. Linear Dichroism at 45◦ :
MLD(45
◦) =
cosh(LD) 0 sinh(LD) 00 1 0 0sinh(LD) 0 cosh(LD) 0
0 0 0 1

3. Polariser at Θ :
MLP (Θ) =

(1+r)
2
q cos 2θ
2
q sin 2θ
2
0
q cos 2θ
2
2
√
r+bcos2 2θ
2
b cos 2θ sin 2θ
2
0
q sin 2θ
2
b cos 2θ sin 2θ
2
2
√
r+bsin2 2θ
2
0
0 0 0
√
r

4. Half-wave plate :
Mλ
2
=
1 0 0 00 1 0 00 0 −1 0
0 0 0 −1

5. Linear Birefringence at 45◦ :
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MLD(45
◦) =
1 0 0 00 1 0 00 0 cos(LB) −sin(LB)
0 0 sin(LB) cos(LB)

They are two matrices to describe the Photo-Elastic Modulator in his inactive or active
states, the first is the identity matrix, the second is that of a half-wave plate. When a succession
of n elements have to be considered, each of them is represented by a matrix Mi, the Stokes
vector Sout going out of the system is calculated knowing Sin, through the relation :
−→
S out = Mn.Mn−1...M1.
−→
S in (C.2)
The matrices presented above are valid only when the different effects can be considered
individually. When two effect are concomitant, we have to use infinitesimal matrices for each
effect and integrate them [50, 129]. For a sample with LD and LB at 45◦, plus absorption, the
resulting matrix is :
Msample = e
−A
cosh(LD) 0 sinh(LD) 00 cos(LB) 0 sin(LB)sinh(LD) 0 cosh(LD) 0
0 −sin(LB) 0 cos(LB)
 (C.3)
which is the one used in Eq. 5.28 to determine Eq. 5.33.
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